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ABSTRACT 
 
JEANNINE LAROCQUE:  DNA damage response in Drosophila melanogaster:  
Orchestrating repair with cell cycle checkpoints 
(Under the direction of Jeff Sekelsky) 
 
 
 The cellular response to DNA damage is crucial for cell survival and genome 
maintenance. An accumulation of damage can lead to disease and cancer. Multiple 
pathways mediate the response to both exogenous damage, such as radiation, and 
endogenous damage that occurs during replication and DNA metabolism. These pathways 
include repair of the lesion, cell cycle regulation, and programmed-cell death. The 
orchestration of these seemingly distinct pathways is necessary to ensure accurate and 
efficient response to DNA damage. 
 In this dissertation, I addressed several questions regarding multiple components of 
the response to DNA damage in Drosophila melanogaster.  These components include 
homologs of Blm (DmBlm), a RecQ helicase, and ATR (DmATR), a kinase required for the 
DNA damage checkpoint. Previous work demonstrated that DmBlm is required for 
homologous recombination repair of a DSB, and in the absence of DmBlm, repair is often 
associated with flanking deletions.  Work presented here shows that these deletions are 
large and occur after strand-invasion, thereby genetically placing DmBlm at a specific step 
of homologous recombination repair. 
 Studies presented in the remainder of this dissertation focus on DmATR, which is 
required for the DNA damage checkpoint. I show that DmATR mutants are defective in the 
later steps of homologous recombination repair of a DSB, but have no defects in end-joining 
repair. Using mutants of downstream components of the checkpoint response, I also 
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demonstrate that loss of the checkpoint function in DmATR mutants accounts for most, but 
not all of the defects reported.  Furthermore, I analyzed the role of DmATR in response to 
endogenous damage that results from reducing Polα, a polymerase required for DNA 
synthesis. In the absence of DmATR, reductions in Polα result in developmental defects, 
P53-dependent cell death, and genome instability. This work implies that there is a function 
of DmATR that responds to endogenous damage that is independent of its checkpoint 
response. Both studies of DmATR suggest an intricate interaction of multiple DNA damage 
response pathways to ensure accurate repair, cell survival, proper development, and 
maintenance of genome stability. 
 iv 
 
 
 
 
ACKNOWLEDGEMENTS 
 
 
I would foremost like to thank my advisor, Jeff Sekelsky. His encouragement, 
support, demeanor, and academic contributions over the last five years was essential in 
maintaining a wonderful working environment and intellectually contributing to my graduate 
career.  I would never have gotten to graduate school without the support of many teachers, 
undergraduate professors and research mentors, specifically Carol Ann Brown, Drs. Chris 
Lovell and Joan Olson. I would also like to thank current and former Sekelsky lab members 
for their contributions to my experience here, both academically and socially. Specifically, 
Özlem Yildiz, Mitch McVey, Hutton Kearney, Melissa Adams, Sarah Radford, Susan Cheek, 
Sabrina Andersen, Sushmita Mukherjee, Matt LaFave, Kirsten Trowbridge, and Dan 
Bergstralh. Thanks to undergraduates in the lab that not only contributed to some of the 
work here, but also taught me a lot about the importance of mentoring: Josh Baker, Diana 
Dougherty, and Sumreen Hussain. I am also grateful to the many professors and staff at 
UNC-Chapel Hill who have contributed to my intellectual growth as well as proposed 
fantastic experiments: Bob Duronio, Tom Petes, Dale Ramsden, Corbin Jones, Jason Lieb, 
Mark Peifer, Victoria Madden, and Shawn Ahmed. I also acknowledge my funding sources- 
NSF and the Office of Undergraduate Research. Lastly, I like to thank my family and friends- 
without their support this would not have been as great of a personal success as it has 
been.
 v 
 
 
 
 
TABLE OF CONTENTS 
 
 Page 
 
LIST OF TABLES .................................................................................................................. ix  
 
LIST OF FIGURES ................................................................................................................. x 
LIST OF ABBREVIATIONS AND DROSOPHILA GENE NAMES........................................ xi  
 
CHAPTER 
 
 I.  GENERAL INTRODUCTION ........................................................................................ 1 
   
Sources of DNA damage .......................................................................................... 1 
 
Exogenous DNA damage ................................................................................ 1  
 
Endogenous DNA damage.............................................................................. 2  
 
Cellular response to DNA damage .......................................................................... 4 
 
DNA repair....................................................................................................... 4 
 
 Mismatch repair ...................................................................................4 
 
 Base excision repair ............................................................................5 
 
 Nucleotide excision repair....................................................................5 
 
 Double-strand break repair via nonhomologous end joining ...............6 
 
 Double-strand break repair via homologous recombination ................6 
 
DNA damage checkpoint................................................................................. 8  
 
Apoptosis......................................................................................................... 9 
 
Orchestrating the DNA damage response: coupling DNA repair,  
cell cycle checkpoints, and apoptosis............................................................ 10  
 
DNA damage response in Drosophila melanogaster........................................... 11 
 
DNA repair in Drosophila ............................................................................... 11 
 vi 
 
 
Mismatch repair .................................................................................11 
 
Nucleotide excision repair..................................................................12 
 
Repair of DSBs via NHEJ ..................................................................12 
 
Repair of DSBs via homologous recombination ................................13 
 
DNA damage checkpoint in Drosophila ......................................................... 15 
 
Apoptosis in Drosophila................................................................................. 17 
 
 II. FORMATION OF DELETIONS DURING DOUBLE-STRAND BREAK 
         REPAIR IN DMBLM MUTANTS OCCURS AFTER STRAND INVASION ................. 19 
 
Introduction ............................................................................................................. 19  
 
Results and Discussion.......................................................................................... 22  
 
In the absence of DmBlm, most repair products have deletions  
flanking the DSB site ..................................................................................... 23   
    
 Flanking deletions are not due to lack of repair synthesis 
  during SDSA.................................................................................................. 27  
 
Flanking deletions occur after strand invasion .............................................. 28 
 
                 Model for DSB repair in wild type and mus309 mutant flies.......................... 29  
     
Materials and Methods............................................................................................ 33  
 
Drosophila stocks and genetics..................................................................... 33 
 
Molecular analysis of aberrant repair ............................................................ 33 
 
 III. ROLE OF DmATR IN DOUBLE-STRAND BREAK REPAIR .................................... 35 
 
 Introduction ............................................................................................................. 35 
 
Results ..................................................................................................................... 38 
 
mei-41 mutants are sensitive to transposase-induced DSBs due 
to defects in homologous recombination repair............................................. 38 
 
mei-41 mutants have reduced ability to complete the final steps 
of SDSA......................................................................................................... 39 
  
Lethality of mei-41 mutants is rescued by reducing mitotic 
cyclin levels ................................................................................................... 43 
 
 vii 
 
Loss of the GRP/LOK-mediated G2-M DNA damage checkpoint 
accounts for only part of the decreased ability of mei-41 mutants 
to complete SDSA ......................................................................................... 44 
 
Discussion ............................................................................................................... 47  
 
Materials and Methods............................................................................................ 52 
 
Drosophila stocks and genetics..................................................................... 52 
 
Viability experiments...................................................................................... 53 
 
P{wa} assay.................................................................................................... 54 
 
Analysis of aberrant repair............................................................................. 54 
 
Single-strand annealing assay ...................................................................... 55 
 
Sequencing of mutant alleles ........................................................................ 55 
 
Checkpoint assay .......................................................................................... 55 
Supplemental data .................................................................................................. 56 
 
 IV. ROLE OF DmATR IN RESPONSE TO REDUCING LEVELS OF POLΑ ................. 58 
 
Introduction ............................................................................................................. 58 
 
Results ..................................................................................................................... 61 
 
Enhancer of mus304 is an allele of DNApol-α180......................................... 61 
 
Reducing Polα in mei-41 mutants results in an increase 
in cell death ................................................................................................... 62 
 
The increased apoptosis and rough-eye phenotypes of  
mei-41; polα /+ mutants are P53-dependent................................................. 64 
 
mei-41; polα/+ mutants have an increase in genomic instability ................... 64 
 
Phenotypes manifested in mei-41; polα / + mutants can be 
rescued by reducing mitotic cyclins ............................................................... 66 
 
Loss of the GRP/LOK-mediated checkpoint accounts for a degree 
of the phenotypes observed in mei-41; polα / + mutants............................... 68 
 
Discussion ............................................................................................................... 70 
 
Materials and Methods............................................................................................ 75 
 
 viii 
 
Drosophila stocks and genetics..................................................................... 75 
 
Mapping mutations in DNA pol-α180............................................................. 75 
 
EMS mutagenesis ......................................................................................... 76 
 
SEM imaging ................................................................................................. 76 
 
Detecting apoptotic cells................................................................................ 77 
 
Detecting genomic instability phenotypes ..................................................... 77 
 
 V.  GENERAL DISCUSSION AND FUTURE DIRECTIONS .......................................... 79 
   
Response of DmATR to mild DNA damage .......................................................... 79 
   
Two functions of DmATR ....................................................................................... 80 
 
Is there a “Chk3” transducer downstream of DmATR? ................................. 81 
Separating the two functions of DmATR ....................................................... 83 
Are there additional functions of DmChk1/Chk2? ............................................... 85 
The role of DmATM in response to DNA damage ................................................ 86  
Detecting repair in larval tissue ..................................................................... 87 
P{SDSA} ............................................................................................ 88 
P{SSA}............................................................................................... 91 
Conclusions............................................................................................................. 92 
 
 REFERENCES................................................................................................................ 95 
 ix 
 
LIST OF TABLES 
 
Table Page  
 2.1. Percentage of aberrant repair events with flanking deletions .................................. 26 
 3.1. Single-strand annealing (SSA) in checkpoint defective mutants.............................. 43 
Supplemental Table 3.1. Eye color of progeny representing germline repair 
events in checkpoint-defective mutants .......................................................................... 57 
 
Supplemental Table 3.2. Frequency of complete SDSA clones in adult eyes ................ 57 
 4.1. Mitotic crossovers between ebony and scarlet ........................................................ 66 
 
 x 
 
LIST OF FIGURES 
 
Figure Page  
1.1. Cellular response to DNA damage............................................................................. 4 
1.2. DSB repair by SDSA .................................................................................................. 7 
1.3. Model for repair of a gap through SDSA in Drosophila ............................................ 14 
2.1. P{wa} excision creates double-strand breaks that are repaired to produce23 
       distinct classes of products ...................................................................................... 23 
 
2.2. Repair synthesis is reduced in mus309 mutants...................................................... 24 
2.3. Schematic of P{wa} element inserted into sd............................................................ 25 
2.4. Model for the function of DmBlm in DSB repair ....................................................... 30 
3.1. Lethality due to transposase-induced DSBs ............................................................ 39 
3.2. Percent of SDSA repair events in checkpoint mutants............................................. 41 
3.3. Synthesis tract lengths in wild type and mei-41 mutants.......................................... 42 
3.4. Checkpoint defects in grp and lok mutants .............................................................. 46 
3.5. Model for MEI-41 in repair of DSBs ......................................................................... 51 
4.1. Enhancer of mus304 is an allele of DNApol-α180 ................................................... 61 
4.2. Reducing Polαin mei-41 mutants results in a variety of phenotypes........................ 63 
4.3. Reducing Polαin mei-41 mutants results in increase of loss 67 
       of heterozygosity (LOH) ........................................................................................... 65 
4.4. Reducing mitotic cyclins rescues the rough eye phenotype and apoptosis 
       of mei-41; polα/+ mutants......................................................................................... 67 
 
4.5. Analysis of grp and lok mutants when Polαis reduced............................................. 69 
5.1. P{SDSA} excision creates double-strand breaks that are repaired to 
       produce distinct classes of products that are detected in imaginal discs ................. 89 
 
5.2. I-SceI-induced DSBs of P{SSA} repaired by SSA can be detected in  
       imaginal discs........................................................................................................... 91 
 
5.3. Orchestrating the DNA damage response ............................................................... 93 
 xi 
 
LIST OF ABBREVIATIONS AND DROSOPHILA GENE NAMES 
 
IR:  Ionizing radiation 
UV: Ultraviolet 
DSB: Double-strand break 
MMR: mismatch repair 
BER:  Base-excision repair 
NER:  Nucleotide-excision repair 
NHEJ: Non-homologous end joining 
HR: Homologous recombination 
SDSA: Synthesis-dependent strand annealing 
SSA: Single-strand annealing 
LOH:  Loss of heterozygosity 
ATM: Ataxia-telangiectasia mutated 
A-T: Ataxia-telangiectasia 
ATR: ATM and Rad3-related 
DmATM: Drosophila ATM homolog (encoded by tefu) 
DmATR: Drosophila ATR homolog (encoded by mei-41) 
ATR-IP:  Drosophila ATR-IP homolog (encoded by mus304) 
DmChk1: Drosophila Chk1 homolog (encoded by grp) 
DmChk2: Drosophila Chk2 homolog (encoded by lok) 
DmBlm: Drosophila Blm homolog (encoded by mus309) 
DmRad51: Drosophila Rad51 homolog (encoded by spn-A) 
Dmp53: Drosophila p53 homolog (encoded by p53) 
Polα: Drosophila Polαhomolog (encoded by DNApolymerase-α180; mutant allele 
described as Enhancer of mus304) 
 
  
 
CHAPTER I 
GENERAL INTRODUCTION 
 
As DNA serves as the blueprint for structural and enzymatic components required for 
cellular processes, damage of DNA can have highly significant effects.  In unicellular 
organisms, failure to appropriately respond to damage can lead to mutagenesis and 
organismal death. In multicellular organisms, DNA damage can result in an accumulation of 
cell death in essential tissues, which can also lead to organismal death. In higher 
eukaryotes, an inability to accurately and efficiently respond to damage can result in loss of 
genetic information and mutagenesis that leads to genomic instability- and potentially a 
variety of human diseases and cancer (Pierce, 2001 #2311, reviewed in Friedberg et al., 
2006).  For these reasons, DNA damage response is highly conserved to preserve genomic 
integrity at the cellular level, and consequently at the organismal level as well. 
 
Sources of DNA damage 
 The strong conservation of many of the DNA damage response pathways suggests 
that the cell is bombarded by lesions that threaten the integrity of genetic information on a 
fairly regular basis. Some of these lesions can occur through exogenous sources, such as 
the environmental radiation, while a large contribution to DNA damage results 
endogenously, through regular DNA metabolism processes and replication.   
 
Exogenous DNA damage  
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 DNA damage resulting from environmental factors can trigger the DNA damage 
response. These sources of damage include ionizing radiation (IR), ultra-violet (UV) 
radiation, medical practices, and environmental pollutants. Ionizing radiation occurs 
regularly in the environment due to cosmic rays, naturally occurring radioactive compounds 
in the earth, and decay of radioactive material, such as radon.  Ionizing radiation results in a 
variety of lesions, including base damage and single-strand nicks, the most detrimental type 
of damage are double-strand breaks (DSBs) in which both strand of the DNA helix are 
broken (Frankenberg-Schwager, 1990; Hutchinson, 1985; Price, 1993; Ward, 1990).  
Solar radiation is the most common type of environmental exposure to UV radiation. 
While it is often absorbed by the atmosphere, UV radiation threatens the integrity of DNA. 
UV radiation mainly causes pyrimidine dimers, photoproducts such as pyrimidine-pyrimidone 
(6-4) lesions, crosslinks, and DNA breaks (reviewed in Friedberg et al., 2006). Most damage 
resulting from UV radiation is limited to one strand and repair by excising the damaged 
segment, resulting in repair via single-strand DNA (ssDNA) intermediates. 
 Lastly, a common source of exogenous DNA damage results from dental practices 
and medical treatments, such as chemotherapeutic drugs. Some examples of 
chemotherapeutic treatment that can cause exogenous DNA damage include cisplatin (a 
crosslinking agent), camptothecin (a topoisomerase I inhibitor), and ionizing radiation. Use 
of these agents is intended to localize treatment of cancerous lesions. Surrounding tissues 
that are otherwise intact for the DNA response system are typically capable of responding to 
damage caused by these sources. 
 
Endogenous DNA damage 
Many studies have characterized DNA damage response pathways using exogenous 
sources of damage mentioned above.  However, it is presumed that the most common type 
of damage that a cell must respond to is endogenous (or spontaneous), such as lesions that 
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occur during replication and regular DNA metabolism processes (such as hydrolysis, 
oxidation and alkylation) (Beckman and Ames, 1997; Burcham, 1999; reviewed in Frosina, 
2000; Grollman and Moriya, 1993; Kunkel, 1999; reviewed in Lindahl, 1993) (Discussed in 
Chapter IV).  The average rate of mutations that occurs during each round of replication can 
be as high as 0.16 mutations per genome in mammals, depending on the loci tested.  This 
mutation rate only accounts for lesions leading to detrimental mutagenesis, and may be an 
underestimation (Drake et al., 1998). Rates of damage that occur during regular DNA 
metabolism processes have been estimated to be as high as 10-9000 damaged residues 
daily per human genome, depending on the type of lesion and the method detected 
(reviewed in Kunkel, 1999).  These modified residues, if left unrepaired, can disrupt or block 
efficient and accurate replication, which is required on a regular basis in proliferating cells.  
 Another type of endogenous DNA lesion occurs through programmed cellular 
processes, such as meiosis and V(D)J recombination. In meiotic cells, these processes 
create DSBs that are required for crossover formation and accurate segregation of the 
chromosomes during meiosis.  V(D)J recombination-mediated DSBs are responsible for 
diversification of antibodies during the immune response. While the types of lesions created 
in these processes are physiological, misregulation of the response to these programmed 
lesions can have major consequences, including immunodeficiencies in mice (Blunt et al., 
1995; Bosma et al., 1983) and human Severe Combined Immunodeficiency (SCID).  Human 
SCID is correlated with sensitivity to IR and nearly all cases result from mutations in 
components of V(D)J recombination, including Artemis, interleukin 2 receptor gamma 
(IL2RG), JAK2, and adenosine deaminase (ADA),  (see below;  Moshous et al., 2001). 
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Cellular response to DNA damage 
Whether the damage results from 
exogenous or endogenous sources, a 
highly orchestrated response system is 
required to maintain the genomic integrity of 
the cell. The basic cellular response to DNA 
damage in eukaryotes is comprised of three 
fundamental pathways: DNA repair, 
damage checkpoints, and apoptosis (Figure 
1.1). A fourth response pathway, transcription regulation, is primarily activated after DNA 
damage in prokaryotes and therefore will not be discussed here. Many upstream mediators 
of the damage response are required for each response pathway, suggesting that the 
combination of all three maintains genomic integrity.  
 
DNA repair  
 Different repair mechanisms are required to directly correct DNA damage, including 
mismatch repair, base excision repair, nucleotide excision repair, DNA cross-link repair, and 
DSB repair via nonhomologous end joining or homologous recombination. The type of repair 
pathway utilized depends on two primary factors: the type of lesion and the phase of the cell 
cycle in which the damage occurs. For example, DSBs in mammals are primarily repaired 
through either nonhomologous end joining or homologous recombination, depending on 
which phase of the cell cycle the break is induced (as discussed below). 
Mismatch repair (MMR): MMR is a highly conserved pathway responsible for 
repairing heteroduplex DNA, which includes mismatched bases on daughter strands, 
insertions/deletions (indels), and unrepaired loops that occur most often from replication 
errors (including mis-incorporation of bases and polymerase slippage).  MMR mechanisms 
Figure 1.1. Cellular response to DNA damage. 
The three major DNA damage response 
pathways in eukaryotic cells are necessary to 
maintain genomic integrity. 
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were first described in E. coli and homologs were soon identified in higher organisms 
(reviewed in Friedberg et al., 2006). MMR in E. coli includes recognition and binding to a 
mismatched base pair by MutS, recruitment of MutL, cleavage by MutH, excision of the 
cleavage product, then completion by synthesis and ligation (reviewed in Modrich and 
Lahue, 1996). In higher eukaryotes, including both budding yeast and mammals, there are 3 
homologs of MutS, four homologs of MutL, and no homologs of MutH have been identified 
(reviewed in Harfe and Jinks-Robertson, 2000). Defects in MMR genes are associated with 
Hereditary Nonpolyposis Colon Cancer (HNPCC) in humans, which is associated with 
microsatellite instability and increase in cancer predisposition. 
Base-excision repair (BER): In mammalian systems, BER recognizes single base-
pair lesions, such as those resulting from oxidation, alkylation, deamination, and base 
mismatches (reviewed in Sancar, 1995; Sancar et al., 2004). BER is initiated by a variety of 
DNA glycosylases that release the target base to form an abasic (AP) site. The glycosylase 
utilized depends on the type of damage, and the release of the target base (or bases) 
determines repair through either “short” or “long” patch repair. Generally, a single target 
base is removed and replaced via Pol β, to form short patch repair (usually one base pair).  
Alternatively, long patch repair which can replace 2-10 nucleotides using Pol δ, ε and FEN1. 
Although both long and short patch repair utilize different proteins to complete repair, the 
final product is the same, in which the damaged nucleotide is removed. 
Nucleotide excision repair (NER): NER is the major pathway to repair bulky DNA 
lesions that result from UV damage, radiation, and protein adducts added to DNA. The steps 
required for NER in mammals include: recognition of the damage (by binding of RPA, XPA, 
XPB, XPC-TFIIH, and XPD), two cuts by the excision nuclease complex surrounding the 
DNA lesion (including XPF, XPG), excision of the damaged DNA, and repair synthesis to 
restore the excised DNA (by Pol δ/ε, PCNA, RPA, and RFC) (reviewed in Sancar, 1995). 
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Mutations in many of the XP proteins result in diseases such as Xeroderma Pigmentosum 
(XP) and Trichothiodystrophy (TTD).  These diseases result in varying degrees of clinical 
severity, which include severe photosensitivity, high incidence of skin cancer, and increase 
in neurological abnormalities (reviewed in Bohr et al., 1989; Bootsma, 1993; reviewed in 
Friedberg et al., 2006; Robbins, 1988). 
DSB repair via nonhomologous end joining (NHEJ): In this form of eukaryotic repair, 
two ends of the DSB are joined through a complex of proteins that includes Ku70/80, 
Artemis-DNA-PKcs, and XRCC4-ligase-IV. NHEJ is the mechanism used for V(D)J 
recombination in mammals as well as repair of other pathological DSBs that occur 
throughout the cell cycle, particularly during G1 (Jackson and Jeggo, 1995). Ku70/80 first 
binds to the ends of DNA with Artemis-DNA-PKcs, the catalytic subunit of this complex 
(Gottlieb and Jackson, 1993; reviewed in Lieber et al., 2003). The broken ends are then 
processed, often exposing mircrohomologies to join the ends (Roth and Wilson, 1986), and 
finally ligated via XRCC4-ligase-IV (Frank et al., 1998; Frank et al., 2000; Grawunder et al., 
1998; Li et al., 1995). In contrast to homologous recombination (as discussed below), NHEJ 
repair products often result in loss or addition of nucleotides and is therefore considered 
error prone. This imprecise repair may be beneficial for repair of RAG1/RAG2-mediated and 
class-switch breaks that occur during V(D)J recombination to increase immune 
diversification.  However, if pathological DSBs (for example, resulting from IR or oxidative 
damage), are repaired through error-prone NHEJ, this can result in loss of genetic 
information and mutagenesis. Mutations in genes known to be involved in NHEJ result in a 
variety of human diseases linked to immunodeficiencies, cancer predisposition and 
neurological problems, such as SCID and LIG4 syndrome. 
DSB repair via homologous recombination (HR): While NHEJ is the predominant 
repair pathway in mammalian systems when DSBs occurs during G1 and for immune 
diversification (Jackson and Jeggo, 1995), HR is the preferred repair pathway of DSBs in 
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yeast (Pâques and Haber, 1999; reviewed in Petes et al., 1991), plays an important role in 
repair of DSBs in Drosophila (Adams et al., 2003; LaRocque et al., 2007b), and is the 
predominant repair pathway of damage that occurs during S phase and G2 in mammalian 
systems (Liang et al., 1998; Rothkamm et al., 2003, {Rouet, 1994 #892}. HR utilizes 
unbroken homologous sequences as a template for repair of a DSB. HR is initiated by 
strand invasion which requires Rad51 (Sung, 1994). Rad52, Rad54, Rad55, Rad57, BRCA1 
and BRCA2 have all been implicated in HR, although their exact roles remain unclear. HR 
differs from NHEJ in that any genetic information lost at the site of the break is regained 
from the homologous template, resulting in error-free repair. Depending on how the newly 
synthesized information is repaired, this can lead to gene conversion.   
DSBs can be repaired through HR through a variety of pathways, including 
synthesis-dependent strand annealing (SDSA) and single-strand annealing (SSA). In the 
canonical model of SDSA, repair begins with the generation of ssDNA by resection of the 
ends of the DSB (Figure 1.2). One or both single-stranded ends can then invade a 
homologous template and prime 
repair DNA synthesis. After 
dissociation of the nascent strand 
from the template, SDSA can be 
concluded through annealing of 
complementary single strands, 
trimming of overhangs or filling gaps, 
and ligation. Repair through SSA 
requires a break to occur between 
two directly repeated sequences, 
followed by resection, which 
Figure 1.2 DSB repair 
by SDSA. Processing 
of a DSB (A) begins 
with resection of the 
ends to leave 3’ 
overhangs (B) that 
proceed to invade a 
homologous template 
(C) and prime repair 
synthesis (D). The 
nascent strand is 
dissociated (E), 
allowing it to anneal 
(F) to the comple-
mentary single-
stranded overhang. 
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exposes single-stranded complementary sequences that can anneal without synthesis. The 
end result is loss of one copy of the repeated sequence and HR repair through SSA (Ivanov 
et al., 1996).  
Although repair of DSBs through either NHEJ or HR appear distinct, work in 
mammalian systems suggests a coupling of both NHEJ and HR for repair of DSBs 
(Richardson and Jasin, 2000), and has also been demonstrated in repair of DSBs after P 
excision in Drosophila (Adams et al., 2003; LaRocque et al., 2007b; McVey et al., 2004a; 
McVey et al., 2004c). This evidence implies that both pathways are important in accurate 
repair of DSBs throughout all phases of the cell cycle. 
 
DNA damage checkpoint 
Regulation of cell cycle progression prevents mutagenesis and genomic instability 
following DNA damage.  In the DNA damage checkpoint pathway, sensors such as the MRN 
complex recognize DNA damage and then stimulate a variety of responses, including 
phosphorylation of mediators (ATM and ATR) and transducers of the checkpoint pathway 
(Carney et al., 1998; Dolganov et al., 1996; Lee and Paull, 2004).  These transducers 
include Chk1 and Chk2, which then activate or inactivate effectors that directly inhibit cell 
cycle progression (including p53 and cdc25), resulting in arrest of the cell cycle. This 
prevents progression into the next phase of the cell cycle with damaged DNA (reviewed in 
Friedberg et al., 2006; reviewed in Sancar et al., 2004)}. 
ATM and ATR are important mediators of DNA damage checkpoints.  Both regulate 
DNA damage-dependent cell cycle checkpoints at the G1-to-S transition, within S phase, 
and at the G2-to-M transition (reviewed in Sancar et al., 2004; reviewed in Shiloh, 2003).  In 
mammals, ATM primarily responds to double-strand breaks (DSBs) and activates Chk1, and 
is therefore activated by IR (Canman et al., 1998).  In contrast, ATR primarily responds to 
the presence of ssDNA, phosphorylates Chk2, and is activated by hyperoxia, DNA 
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polymerase inhibitors, and UV radiation (Cliby et al., 1998; Das and Dashnamoorthy, 2004; 
Unsal-Kacmaz et al., 2002; Wright et al., 1998).  Mutations in these mediators lead to either 
ataxia telangiectasia (AT) or ATR-Seckel syndrome in humans. Clinical manifestations in AT 
patients include cerebellar degeneration, immunodeficiencies, cancer predispositions and 
nuerological problems (reviewed in McKinnon, 2004).  Mental retardation and 
developmental defects are common features of ATR-Seckel syndrome (O'Driscoll et al., 
2004). 
 
Apoptosis  
 Programmed cell death regulates normal developmental processes and can also be 
a response to DNA damage to prevent passage of damaged DNA into the next generation 
(reviewed in Tomei and Cope, 1991; reviewed in Van Lancker, 2006, Kerr, 1987 #3012). 
Apoptosis of a cell often includes cell shrinkage, membrane destabilization, chromosome 
condensation, and early onset of endonucleolytic attack. All apoptosis pathways converge 
on a conserved activation of caspases, proteases that activate latent enzymes that 
consequently degrade cellular components (Friedberg et al., 2006; Shi, 2002).  
 Apoptosis is accomplished by coupling transcriptional changes with other factors, 
such as p53. p53 is a transcriptional factor that acts as a positive and negative regulator of 
apoptosis and is essential for cell death following DNA damage (Chao et al., 2000; Slee et 
al., 2004). While apoptosis can be induced in both p53-dependent and independent 
pathways (Clarke et al., 1993), loss of p53 protein can have detrimental defects in humans. 
Mutations in p53 have been associated with Li-Fraumeni disease in humans, which is 
correlated with an increase in a broad range of cancers, including breast cancer, brain 
tumors, and leukemia (Malkin et al., 1990; Srivastava et al., 1990). Similarly, aberrant 
regulation of apoptosis can often lead to malignancies- proapoptotic genes are often tumor 
suppressors, while anti-apoptotic genes are often oncogenes (Igney and Krammer, 2002). 
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Orchestrating the DNA damage response: coupling DNA repair, cell cycle 
checkpoints, and apoptosis 
 
While the three response pathways to DNA damage appear distinct, evidence 
increasingly suggests that these pathways are combined to provide the most efficient and 
accurate response to a variety of DNA lesions. For example, the cell cycle checkpoint halts 
cell cycle progression, presumably to allow time to complete repair. Additionally, if repair of 
the DNA lesion is unsuccessful, the cell will often elicit the apoptotic pathway, for loss of a 
single damaged cell is often beneficial to the tissue and organism as a whole.  
In addition to the inherent properties of these pathways to respond in a cooperative 
manner, many proteins required for one pathway have been suggested to be involved in 
another. For example, it has been suggested that human ATM kinases have a role in DNA 
repair in addition to its role in cell cycle regulation (reviewed in Jeggo et al., 1998; Jeggo 
and Lobrich, 2006; Lobrich and Jeggo, 2005; O'Driscoll and Jeggo, 2006).  Numerous 
studies stemmed from the observation that cells from ataxia telangiectasia patients, whose 
ATM gene is mutated, displayed radiosensitivity after IR. Further analysis has demonstrated 
that ATM is involved in repair through its role in Artemis-dependent NHEJ repair of DSBs 
(Jeggo and Lobrich, 2005; Kuhne et al., 2004; Riballo et al., 2004).  ATM may also facilitate 
HR repair; A-T cells have abnormal HR repair after IR (Morrison et al., 2000). Studies in 
yeast have reached similar conclusions, where localization of components of the Sir 
complex, which is implicated in NHEJ repair, is ATM-dependent in response to DSBs (Mills 
et al., 1999).  Lastly, ATM kinases have been implicated to play a role in repair based on 
ATR- and ATM-dependent activation of proteins such as H2AX which facilitate the assembly 
of repair complexes on damaged DNA (reviewed in Abraham, 2001; Bassing et al., 2002; 
Celeste et al., 2002; Downs et al., 2000; Paull et al., 2000; Ward and Chen, 2001).  
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Another example of the cooperative effort of these pathways to maintain genomic 
integrity is the overlap of proteins involved in repair and/or DNA damage checkpoints and 
apoptosis. For example, p53 protein has been implicated in eliciting the DNA damage 
checkpoint (Kastan et al., 1991; Kuerbitz et al., 1992; Westphal et al., 1997b). Specifically, 
after human cells are exposed to restriction enzymes, p53 protein is stabilized, which is 
commonly associated with cell cycle arrest (Nelson and Kastan, 1994). In regards to 
apoptosis, components of the checkpoint response, such as Chk2 and ATM, are required for 
efficient apoptosis in mammals (Takai et al., 2002; Westphal et al., 1998; Westphal et al., 
1997a; Westphal et al., 1997b). Additionally, DNA-PKcs, which has no implications in cell 
cycle regulation but is required for NHEJ, is also required for p53-mediated response to IR 
(Wang et al., 2000). 
 
DNA damage response in Drosophila melanogaster 
 Significant contributions to the field of DNA repair focus on studies in bacteria, yeast, 
and mammalian systems.  Additionally, studying repair mechanisms in Drosophila mutants 
have added to the breadth of knowledge in this field.  While most of the mechanisms and 
pathways are conserved in these organisms, both in function and in sequence similarity, 
there are significant differences in Drosophila. Both conserved and divergent functions in 
DNA damage response in this model organism will be discussed here. 
 
DNA repair in Drosophila 
MMR: Many proteins that are required for DNA repair in other organisms are 
conserved in Drosophila, including those involved in MMR, NER, NHEJ, and HR.  MMR in 
Drosophila appears to be simplified compared to yeast and humans, in that the genome 
encodes only two MutS homologs, spel1 (MSH2 ortholog) and Msh6, and only two MutL 
homologs, Mlh1 and Pms2 (reviewed in Flores, 2001; reviewed in Sekelsky et al., 2000a).  
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Null mutations in spel1 have been associated with microsatellite instability (Flores and 
Engels, 1999), suggesting that although there are fewer homolog of MutS or MutL, the 
mechanism for MMR is conserved. 
NER: Drosophila also have many conserved proteins involved in NER (reviewed in 
Sekelsky et al., 2000b). The human endonuclease XPF, as well as the yeast homolog 
Rad1p, share a conserved nuclease domain and also form heterodimers with a noncatalytic 
subunit, Ercc1/Rad10p (Bardwell et al., 1992; Davies et al., 1995). This heterodimer is 
required for NER after UV damage and of bulky adducts. The Drosophila XPF homolog is 
encoded by a gene called mei-9 (Sekelsky et al., 1995), and the Ercc1 homolog has also 
been identified (Ercc1)(Sekelsky et al., 2000b). Loss of both MEI-9 and ERCC1 in 
Drosophila results in sensitivity to UV, consistent with its role in NER (Radford et al., 2005; 
Yildiz et al., 2002).  A homolog for the non-specific endonuclease XPG, which is 
indispensable for NER in mammalian systems, has been identified in Drosophila, encoded 
by a gene called mus201 (Houle and Friedberg, 1999; Sekelsky et al., 2000b). These 
mutants are sensitive to DNA damaging agents as well, suggesting a conserved role of 
DmXPG in DNA repair. 
Repair of DSBs via NHEJ: Much work analyzing DSB repair pathways in Drosophila 
focuses on repair of a DSB after excision of a transposable P element. The type of repair 
pathway utilized, either HR or NHEJ, can be determined using molecular analysis of 
individual repair events. One of the hallmarks of repair through NHEJ after P excision is loss 
of the P with a few base pairs of the P element left at the site of excision, classifying this 
repair product as imprecise excision. NHEJ accounts for only a third of repair events after 
excision in the pre-meiotic germline, (Johnson-Schlitz and Engels, 1993) and has been 
shown to play an important role in repair of DSBs in somatic tissue (Gloor et al., 2000). 
Some of these repair products can only be recovered if there is a phenotypic change (i.e. a 
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loss/gain of eye color) and may actually be an underestimation. When DSBs are made by P 
excision in plasmids injected into developing embryos, only NHEJ products are recovered 
(O'Brochta et al., 1991).  
Homologs of components required for NHEJ have been identified in Drosophila, 
including Ku70 (DmKu70) (Kusano et al., 2001), Ku80 (DmKu80) (Min et al., 2004), and 
Ligase IV (DmLig4) (Gorski et al., 2003).  The function of DmKu70 and DmKu80 in NHEJ 
remains elusive, as null mutant alleles have not been generated. lig4 mutants are sensitive 
to IR, however, unlike mammalian Ligase IV, DmLig4 is indispensable for end-joining repair 
after P excision (McVey et al., 2004c).  Also unlike mammalian NHEJ, Drosophila lack some 
components known to be required for NHEJ, such as Artemis and DNA-PKcs. Thus, 
although NHEJ is an important repair pathway in Drosophila, many of the conserved 
components in NHEJ are either nonexistent in Drosophila or their functions appear to have 
diverged. One hypothesis to explain these observations is that Drosophila may rely on what 
has been recently described as “alternative NHEJ” in mammalian systems, which results in 
error-prone repair without components such as XRCC4, Ligase IV, Ku, DNA-PKcs and 
Artemis (Ferguson and Alt, 2001; Lee et al., 2004; reviewed in Roth, 2003).  
Repair of DSBs via HR: Unlike in mammalian systems, in Drosophila, the preferred 
pathway to repair early pre-meiotic DSBs is through HR (Engels et al., 1990; reviewed in 
Flores, 2001; Preston and Engels, 1996b). Many mechanisms of HR are conserved, and 
homologs involved in both SDSA (Kurkulos et al., 1994; Nassif et al., 1994) and SSA (Rong 
and Golic, 2000) have been identified in Drosophila. The preferred HR pathway in 
Drosophila is SDSA (Kurkulos et al., 1994; Nassif et al., 1994). In the canonical model of 
SDSA, repair begins with the generation of single-stranded DNA by resection of the ends of 
the DSB (Figure 1.2). One or both single-stranded ends can then invade a homologous 
template and prime repair DNA synthesis. After dissociation of the nascent strand from the 
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template, SDSA can be concluded through annealing of complementary single strands, 
trimming of overhangs or filling gaps, and ligation. We have demonstrated that repair of a 
double-strand gap is not highly processive, and that repair of a large gap involves repeated 
cycles of strand invasion, synthesis, and dissociation from one or both ends of the gap 
(Figure 1.3) (McVey et al., 2004a). If complementary sequences are found, repair can be 
Figure 1.3. Model for repair of a gap through SDSA in Drosophila.  Processing of a double-
strand gap (a) begins with resection of the ends to leave 3’-ended single-stranded overhangs 
(b).  The resected structure can then enter one of two pathways.  The ends can join through a 
process that does not require extensive complementary ends (c) or one or both of these 
resected ends invade a homologous template (d) and prime repair synthesis (e).  The nascent 
strand is dissociated, searching for a complementary single-stranded DNA to anneal to (f).  This 
structure resembles that of a resected product (b).  Consequently, the nascent strand can re-
invade a homologous sequence (g) or undergo end joining (i). Repair synthesis is not 
processive, so multiple rounds of synthesis, dissociation and re-invasion (e-g) are required for 
repair across the gap.  Synthesis across the entire gap allows annealing of complementary 
single-stranded DNA, resulting in restoration of sequences lost when the gap was originally 
made (h).  In the absence of DmRad51, repair occurs through an end-joining pathway (c).   
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completed to restore an intact element. Alternatively, the ends can be joined through a non-
canonical end-joining pathway, even after multiple cycles of synthesis, resulting in an 
internally deleted element (McVey et al., 2004a).  
Extensive work in our lab has identified many components that are required for or 
involved in complete SDSA repair, including DmRad51 (McVey et al., 2004a), DmBlm 
(Adams et al., 2003), and DmLigIV (McVey et al., 2004c). DmRad51 is encoded by spn-A, 
and null mutants are female sterile and hypersensitive to IR, both due to an inability to repair 
DSBs in meiosis and mitosis, respectively (Staeva-Vieira et al., 2003). As expected, repair 
through SDSA after P excision requires DmRad51 (McVey et al., 2004a).  DmBlm is 
encoded by the mus309 gene (Kusano et al., 2001). Mutations in mus309 cause increased 
sensitivity to ionizing radiation and defects in repair of double-stranded gaps created by the 
excision of a P element.  In addition to an inability to repair through SDSA, repair products in 
mus309 mutants are often associated with flanking deletions (Adams et al., 2003). Despite 
these contributions to understand repair of a single DSB, the specific steps in SDSA that 
DmBLM functions as well as other components that facilitate SDSA remain elusive. 
 
DNA damage checkpoint in Drosophila 
 Although there are Drosophila orthologs for both ATM (DmATM) and ATR (DmATR) 
(encoded by tefu and mei-41, respectively), the DNA damage-dependent checkpoint 
functions reside primarily in the latter.  The MEI-41 protein is required to prevent entry into 
mitosis before completion of replication and for checkpoints induced by DSBs during all 
phases of the cell cycle (Bi et al., 2005a; Brodsky et al., 2000b; Garner et al., 2001; Hari et 
al., 1995; Jaklevic and Su, 2004; LaRocque et al., 2007b; Sibon et al., 1999).  As a 
consequence, mei-41 mutants are hypersensitive to agents that inhibit or block replication, 
such as hydroxyurea, alkylating chemicals, and ultraviolet radiation, and to agents that 
generate DSBs, such as IR (Boyd et al., 1976; Sibon et al., 1999).   
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In contrast, the primary roles of DmATM are in telomere stabilization and regulation 
of p53-dependent apoptosis; null mutations in tefu are lethal, possibly due to chromosome 
breakage resulting from telomere fusions (Bi et al., 2005b; Bi et al., 2004; Silva et al., 2004; 
Song et al., 2004).  Temperature-sensitive tefu mutants are hypersensitive to IR, but they 
have a fully-functional checkpoint at high doses of IR (Silva et al., 2004).  Thus, although 
MEI-41 has more sequence similarity to human ATR, it appears to function as the major 
component of both replication and DNA damage checkpoint pathways similar to both 
mammalian ATR and ATM.   
In other organisms, Chk1 and Chk2 have partially redundant roles in the cell cycle 
checkpoint response by transducing the checkpoint signal of ATR and ATM (Boddy et al., 
1998; Chen and Sanchez, 2004; Helt et al., 2005; reviewed in Sancar et al., 2004; Sanchez 
et al., 1996).  In Drosophila, the DNA damage checkpoint functions also appear to be 
mediated entirely by orthologs of Chk1 and Chk2, which are encoded by the grp and lok 
genes, repectively (Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; 
LaRocque et al., 2007b; Xu et al., 2001). grp and lok mutants are defective in replication and 
damage checkpoints (Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; 
Masrouha et al., 2003; Royou et al., 2005; Su et al., 1999; Yu et al., 2000).  In some studies, 
grp mutants were found to completely lack the G2-M DNA damage checkpoint (de Vries et 
al., 2005; Jaklevic and Su, 2004), but others have suggested that GRP and LOK have 
partially redundant functions in this response (Brodsky et al., 2004; Xu et al., 2001), and 
these defects are indistinguishable from defects in mei-41 mutants. 
Similar to suggestions in mammalian ATM kinases, Drosophila MEI-41 has also 
been proposed to have a role in promoting survival after IR that is independent of its 
checkpoint function.  Jaklevic and Su (2004) found that mei-41 mutants are killed by doses 
of IR that are not lethal to grp mutants, although both are defective in the G2-M checkpoint 
induced by IR.  Similarly, Oikemus et al. (2006) found that both spontaneous and IR-induced 
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chromosome breaks were increased in mei-41 mutants but not in grp lok double mutants, 
suggesting that MEI-41 has a role in preventing chromosome breaks that is independent of 
GRP and LOK.  These studies suggests a conserved mechanism of ATM/ATR kinases in 
promoting responses to DNA damage by coupling DNA repair with cell cycle regulation. 
However, these studies focus on the response to only IR which presumably creates 
substantial amount of damage. Therefore, the requirement of DmATR to respond to lower 
doses of exogenous or endogenous damage has yet to be addressed.  
 
Apoptosis in Drosophila 
 There are broad similarities in apoptosis pathways in both Drosophila and 
mammalian systems, including conservation of caspases, caspase activators, inhibitors of 
apoptosis (IAP), and transcriptional factors required for apoptosis, such as p53 (reviewed in 
Kornbluth and White, 2005). In fact, antibodies against activated caspase-3 in humans cross 
reacts in Drosophila tissues, marking apoptotic cells in both organisms (Giraldez and Cohen, 
2003; LaRocque et al., 2007a).  The more recently identified Drosophila homolog of p53 
(Dmp53)  is also required for IR-induced apoptosis, and over-expression results in cell death 
in the developing eye (Brodsky et al., 2000a; Jin et al., 2000; Ollmann et al., 2000). 
Moreover, the requirement of DmCk2 for IR-induced modification of Dmp53 is also 
conserved in Drosophila (Brodsky et al., 2004). 
Despite these functional and structural similarities, apoptosis in Drosophila and 
proteins involved have some functionally distinct properties compared to higher eukaryotes 
(reviewed in Kornbluth and White, 2005). For example, while loss of IAPs in mammalian 
cells has little effect on apoptosis (Harlin et al., 2001), they are essential for regulated 
apoptosis in Drosophila (Goyal et al., 2000; Lisi et al., 2000; Wang et al., 1999; Yoo et al., 
2002). More striking is the functional differences in Dmp53. Although ectopic expression of 
Dmp53 occurs throughout development (Jin et al., 2000), there is minimal effects on adult 
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development of p53 mutants (Sogame et al., 2003), suggesting the Dmp53 is not required 
for adult development. Also unlike mammalian p53, Dmp53 is not required for checkpoint 
induction after IR (Sogame et al., 2003), nor does over-expression induce G1 cell cycle 
arrest (Ollmann et al., 2000).  
 
In this thesis, I explore all aspects of the DNA damage response to different types of 
damage using Drosophila melanogaster as a model organism. While the primary focus is on 
cell cycle checkpoints (DmATR, DmChk1, and DmChk2), other aspects of repair (DmBlm) 
also has been addressed. I have used a P excision assay developed in this lab to follow 
repair of a single induced DSB in DmBlm mutants.  Using molecular analyses, I found that 
deletions associated with SDSA repair in DmBlm mutants occur after strand invasion 
(Chapter II). I also used this assay to reveal a novel function DmATR that is critical for the 
later steps of SDSA repair after P excision (Chapter III). In this chapter, I demonstrate the 
importance for cell cycle regulation to complete SDSA repair, but also suggest a function of 
DmATR that is independent of the checkpoint response; this is consistent with work in 
mammalian systems. Lastly, I describe unique phenotypes associated with endogenous 
damage in DmATR mutants (Chapter IV).  I propose that reducing levels of Polα creates 
endogenous damage that requires a response by DmATR. In the absence of DmATR, this 
damage results in developmental defects, P53-dependent apoptosis, and genomic instability 
that is mostly due to the checkpoint function of this protein.  Chapter II contributes to the 
growing body of work that describes requirements for DmBlm during homologous 
recombination repair of a DSB, while Chapters III and IV stress the critical role of DmATR to 
respond to either a single DSB or endogenous damage. In all, this thesis hallmarks the 
importance of conserved Drosophila proteins in maintaining functional repair of various 
types of DNA damage which is critical for genome stability and cell survival in all 
multicellular organisms. 
  
 
CHAPTER II 
FORMATION OF DELETIONS DURING DOUBLE-STRAND BREAK REPAIR 
IN DmBLM MUTANTS OCCURS AFTER STRAND INVASION1 
 
Introduction 
DNA helicases of the RecQ family, which are conserved in organisms ranging from 
bacteria to mammals, play vital roles in the maintenance of genomic stability (reviewed in 
Hickson, 2003). The importance of this family is highlighted by the observation that 
mutations in three of the five human RecQ helicases, WRN, BLM, and RECQ4, cause the 
Werner, Bloom, and Rothmund-Thomson Syndromes, respectively (Ellis et al., 1995; Kitao 
et al., 1999; Yu et al., 1996). These three rare disorders are characterized by genomic 
instability and cancer predisposition, and patients with Werner and Rothmund-Thomson 
syndromes also display symptoms of premature aging. 
Bloom Syndrome (BS) patients develop a wide spectrum of cancers typical of those 
found in older individuals of the general population, including sarcomas, lymphomas, and 
epithelial cancers (reviewed in German, 1993). A hallmark of BS cells is a large increase in 
sister chromatid exchanges (Chaganti et al., 1974). In addition, BS cells show elevated 
levels of chromosome breaks, rearrangements, and deletions (Tachibana et al., 1996) Both 
in vivo and in vitro experiments with broken plasmids demonstrate that repair of double-
strand breaks (DSBs) in the absence of BLM results in products with large deletions 
(Gaymes et al., 2002; Runger and Kraemer, 1989). Therefore, a clearer understanding of 
the underlying events that cause chromosomal deletions in BS cells may provide insight into 
how the BLM protein prevents cancer in normal cells. 
1This work has been previously published (McVey et al., 2004b). 
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Accumulating evidence suggests that the BLM protein functions in homologous 
recombination repair pathways to promote genomic stability. In humans, BLM interacts with 
RAD51, a protein required for the strand invasion step that initiates DSB repair by 
homologous recombination (Wu et al., 2001). Sgs1p, the Saccharomyces cerevisiae 
homologue of BLM, also interacts with Rad51p (Wu et al., 2001) and sgs1 mutants have an 
increased rate of chromosomal rearrangements such as translocations and deletions. 
Interestingly, Sgs1p suppresses recombination between DNA sequences with imperfect 
homology (Myung et al., 2001), consistent with the notion that it functions both to promote 
accurate recombination and to suppress inappropriate recombination. 
In vitro experiments provide further evidence that BLM functions during 
recombination. The human BLM helicase preferentially unwinds Holliday junctions, 
branched DNA structures, and other homologous recombination intermediates (Karow et al., 
1997; Karow et al., 2000; Mohaghegh et al., 2001). Interestingly, BLM has also been shown 
to be adept at binding to and unwinding D-loops (van Brabant et al., 2000), which are 
thought to be the initial intermediate in DSB repair by homologous recombination. 
The Drosophila melanogaster ortholog of BLM, DmBlm, is encoded by the mus309 
gene (Kusano et al., 2001). Mutations in mus309 cause increased sensitivity to ionizing 
radiation and defects in DSB repair. Reminiscent of the human phenotype, deletions 
flanking a DSB site on a plasmid are frequently observed in mus309 mutants (Beall and Rio, 
1996; Min et al., 2004). Using a chromosomal DSB repair assay, we recently demonstrated 
that mus309 mutants are defective in the repair of double-stranded gaps created by the 
excision of a P transposable element (Adams et al., 2003). 
Double-strand gaps generated by P element excision are repaired predominantly 
through a homologous recombination pathway termed synthesis-dependent strand 
annealing (SDSA; Figure 1.2). During SDSA, single-stranded DNA is generated by 5’-to-3’ 
resection of each end. One or both of these single-stranded ends invades a homologous 
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template and primes repair DNA synthesis. The newly synthesized strand is then 
dissociated from the template so that it can anneal to the single-stranded DNA from the 
other end of the break. Excision of a transposable element generates a gap relative to the 
sister chromatid, the preferred homologous template. We have proposed that repair DNA 
synthesis during SDSA is not highly processive, and that repair of a large gap involves 
repeated cycles of strand invasion, synthesis, and dissociation from one or both ends of the 
gap (McVey et al., 2004a). If complementary sequences are found, repair can be completed 
to restore an intact element. Alternatively, the ends can be joined through a non-canonical 
end-joining pathway, even after multiple cycles of synthesis, resulting in an internally deleted 
element (McVey et al., 2004a). 
 Several defects are apparent in P-element excision repair products generated in the 
absence of DmBlm (Adams et al., 2003). As in wild type, repair is usually initiated through 
the SDSA pathway. In the absence of DmBlm, however, SDSA rarely goes to completion. 
Instead, repair is completed by end joining. Synthesis tracts in the repair products are much 
shorter than in repair products generated in wild-type flies. In addition, many repair products 
are associated with deletions into sequences flanking the DSB site. These deletions may 
arise during an aberrant transposition process termed hybrid element insertion (Preston and 
Engels, 1996a) or during aberrant repair processes. We have not observed any defects in 
transposition in mus309 mutants (unpublished data). Therefore, the highly elevated 
frequency of deletions in mus309 mutants is most likely the result of defects in repair caused 
by the absence of DmBlm. 
Three non-exclusive models can explain the high incidence of deletion products in 
mus309 mutants. First, DmBlm or a complex that requires DmBlm may bind directly to the 
broken chromosome ends to prevent degradation by exonucleases. Second, DmBlm may 
be required for efficient repair synthesis during SDSA; in the absence of DmBlm, 
exonucleolytic activity predominates over synthesis, resulting in a net deletion of sequences. 
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Third, DmBlm may act later during SDSA to promote the completion of repair DNA 
synthesis. 
To test these models, we investigated the effect of mutating spn-A, which encodes 
DmRad51. In the absence of DmRad51, strand invasion cannot be initiated, preventing 
entry into SDSA. DSBs are still repaired efficiently, however, through an end-joining 
pathway that utilizes small microhomologies within the 17-nucleotide overhangs that remain 
after P element excision (McVey et al., 2004a). We report here that these repair events are 
not usually associated with deletions, as is characteristic of repair events generated in the 
absence of DmBlm. Therefore, deletions are not simply a consequence of poor repair 
synthesis. We also show that removing DmRad51 suppresses the deletion phenotype of 
mus309 mutants. This result argues strongly that DmBlm is not required to protect DSB 
ends, and that it instead acts downstream of DmRad51 to prevent deletion formation. We 
propose a model that accounts for both the short repair synthesis tracts and the frequent 
deletions accompanying DSB repair in the absence of DmBlm.  
 
Results and Discussion  
In the absence of DmBlm, most repair products have deletions flanking the DSB site. 
  We previously established that the DmBlm protein is required for efficient repair of 
DNA double-strand breaks created by excision of the P{wa} transposable element (Adams et 
al., 2003). In our experimental system, we generate males carrying an X-linked P{wa} 
insertion (Figure 2.1) and a transposase source under control of a constitutive promoter. 
Transposase induces excision of P{wa} in both somatic and pre-meiotic germline tissues, 
leaving a DSB at the insertion site. Since P{wa} is located on the X chromosome, the only 
template for homologous repair in males is the sister chromatid; the DSB is actually a 14-kb 
gap relative to the sister chromatid. To recover individual repair events, these males are 
crossed to females homozygous for P{wa} and repair events are initially scored according to 
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the eye color of the female progeny. Most of these females have apricot-colored eyes, which 
indicates that the paternal P{wa} is intact. In most cases, this is probably because the 
element never excised, but some of these may arise from excision followed by restoration of 
the entire P{wa} element by SDSA. SDSA can also result in red eyes (Kurkulos et al., 1994); 
this class arises only through completed SDSA, and therefore provides an accurate 
Figure 2.1. P{wa} excision creates double-strand breaks that are repaired to produce distinct 
classes of products. (A) P{wa} inserted into an intron of scalloped (white, sd). P element inverted 
repeats (black) flank the white gene (grey), which contains a copia retrotransposon (white, copia) 
that has 276 bp long terminal repeats (LTRs, black with white arrows). Expression of transposase in 
males carrying P{wa} causes excision, resulting in a double-strand gap with 17 nt non-
complementary 3’ overhangs. The double-strand gap is then repaired through a variety of 
mechanisms. (B) Complete SDSA, resulting in restoration of P{wa}, gives apricot-colored eyes in 
females containing a maternally inherited copy of P{wa}. (C) SDSA with annealing at the LTRs 
produces a product with increased white expression, resulting in flat red eyes. (D) Aberrant repair 
includes aborted SDSA, end joining of the inverted repeats without synthesis, and deletions into 
flanking sequence. These events result in loss of white expression and are recovered as yellow-
eyed progeny. 
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indication of the relative efficiency of SDSA in various genetic backgrounds. Finally, yellow 
eye color indicates that the paternal P{wa} is absent or damaged, a class we refer to as 
“aberrant” repair. These events can arise from non-homologous end joining, aborted SDSA 
(synthesis followed by end joining), or other mechanisms. 
 We previously reported that the red-eyed class was nearly absent among progeny of 
mus309 mutants, indicating a defect in SDSA (Adams et al., 2003). There was a 
corresponding increase in the yellow-eyed class, indicating aberrant repair in these mutants. 
Molecular and genetic analysis of these events revealed shorter synthesis tracts when 
DmBlm was absent, and frequent deletions into flanking sequences. The transposase 
source used to induce excision of P{wa} in these experiments is adjacent to the spn-A gene, 
so we are not able to generate spn-A mutants that carry this transposase source. We 
therefore repeated this experiment using a different transposase source, located on 
chromosome 2. Although this transposase appears to be more active in causing P element 
excision, it does not alter the way breaks are repaired (McVey et al., 2004a). We found that 
the red-eyed class, which is indicative of completed SDSA, was reduced from 6% of 
progeny in wild type (n= 3624) to 0.2% in mus309 mutants (n= 2851). In contrast, the 
yellow-eyed class, which is indicative of aberrant repair, was increased from 10% of progeny 
Figure 2.2. Repair synthesis is reduced in 
mus309 mutants. Repair synthesis from the 
right end of the DSB was analyzed for 83 
independent aberrant events in wild-type 
flies and 76 independent aberrant events in 
mus309 mutant flies. Molecular analysis was 
performed using genomic DNA of males 
carrying a repair event from yellow-eyed 
mothers. The percentages of flies that had 
repair synthesis tract lengths at least as long 
as the indicated distance is shown. 
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in wild type to 15.5% in mus309 mutants. Aberrant repair products isolated from mus309 
mutants had shorter repair DNA synthesis tract lengths compared to those isolated from wild 
type (Figure 2.2). These results are consistent with our previous observations using a 
different transposase source and confirm that the DmBlm protein is required for the 
extensive repair DNA synthesis of over 14 kilobases needed to accurately repair the gap 
remaining after P{wa} excision.  
 The P{wa} transposon used in our assay is inserted into a 5-kb intron of the X-linked 
scalloped (sd) gene (Figure 2.3), which encodes a transcription factor with homology to the 
human TEF-1 gene (Campbell et al., 1992). Hypomorphic alleles, such as sd1, result in a 
scalloped-wing phenotype, but null alleles are lethal. We previously found that 
approximately one-quarter of the aberrant DSB repair events in mus309 males were 
accompanied by deletions that extended from the DSB site into sd coding sequence, 
resulting in lethality in males and a scalloped-wing phenotype in females when in trans to 
sd1 (Adams et al., 2003). We observed similar results among the aberrant repair events 
Figure 2.3. Schematic of P{wa} element inserted into sd. A. P{wa} structure. Solid black 
rectangles indicate P ends. A copia retrotransposon (white) ending in long terminal repeats 
(black rectangles with arrows) is inserted in the second intron of the white gene (grey). B. 
Structure of sd. A map of sd exons (black boxes) is shown, with the three known transcripts 
depicted below. Coding start sites are marked with an asterisk; sd-RB begins at the end of the 
third exon, and sd-RA and -RC begin at the end of the fourth exon. The insertion site for P{wa} is 
indicated. 
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generated in the experiment described above, in which a chromosome 2 transposase 
source was used: two of 85 (2.4%) from wild-type males had lethal sd deletions, whereas 26 
of 104 (25.0%) from mus309 mutant males had lethal deletions (Table 1).  
Multiple transcripts of sd have been isolated (Campbell et al., 1992), including one in 
which the first coding exon lies approximately 3 kb upstream of the P{wa} insertion site, and 
two in which the first coding exon is less than 2 kb downstream of P{wa} (Figure 2.3). We 
reasoned that some of our aberrant repair products could involve smaller deletions that were 
not male lethal because they did not extend into sd coding sequence. To characterize these 
smaller deletions, we first determined whether there was a repair synthesis tract on each 
end of the DSB for each male-viable repair event. In cases where there was no repair 
synthesis tract on a given end of the DSB, we used PCR to determine whether there was a 
deletion from that end, and if so, to measure the extent of the deletion. Among 83 male-
viable aberrant repair events from wild-type males, six had deletions of at least 200 bp to the 
left and two of these also had a deletion of at least 420 bp to the right. In total, eight of the 
85 aberrant repair events (9.4%) had deletions – two lethal and six non-lethal (Table 2.1). In 
contrast, among the 78 non-lethal aberrant repair events from mus309 mutants, 33 had 
Genotype lethal non-lethal total n 
wild type 2.4 7.0 9.4 85 
mus309 26.5 47.1 73.6 34 
spn-A 2.6 1.7 4.3 116 
mus309 spn-A 6.7 1.9 8.6 105a 
a There were an additional four male-lethal chromosomes that did not produce a scalloped-wing 
phenotype in trans to sd1, indicating that these events did not involve deletions into sd. Similar 
events have been observed in other genotypes (M. McVey, unpublished data), and may result 
from transposition of the P{wa} into a nearby essential gene.  
Table 2.1. Percentage of aberrant repair events with flanking deletions 
 27
deletions to the left; five of these also had deletions to the right, and five additional non-
lethal repair events had a deletion only to the right. In total, of 104 aberrant repair events 
from mus309 mutants, 64 (61.5%) had deletions (Table 2.1). 
 In all instances, we recovered more non-lethal deletions to the left of P{wa} than to 
the right. This may be a consequence of the P{wa} insertion site rather than a difference in 
repair from the left versus the right side of the break. The presence of essential sd coding 
information less than 2 kb to the right of P{wa} likely results in the recovery of many right-
side deletions as male-lethal events; thus, we recover a smaller relative percentage of non-
lethal deletions to the right of P{wa}. 
 Accounting for the percentage of progeny that had aberrant repair events, 0.94% of 
total progeny from wild-type males had deletions, but 9.5% of total progeny from mus309 
mutants had deletions, a 10-fold increase. We have estimated that only 20% of all progeny 
are derived from cells that have experienced an excision event (McVey et al., 2004a). Using 
this estimate, we detected deletions of at least 200 bp in fewer than five percent of all repair 
events generated in wild-type males, but in 47% of repair events generated in the absence 
of DmBlm. Because cells from Bloom Syndrome patients frequently have chromosomal 
deletions (Tachibana et al., 1996), understanding the mus309 deletion phenotype may 
provide clues about the molecular function of the BLM protein. Therefore, we undertook a 
more extensive genetic and molecular analysis to determine potential mechanisms of 
deletion formation. 
  
Flanking deletions are not due to lack of repair synthesis during SDSA 
 Repair synthesis tracts from mus309 aberrant repair events are significantly shorter 
than those from wild-type flies, suggesting a potential defect in repair synthesis (Adams et 
al., 2003) (Figure 2.2). One possible explanation for the large number of deletions in 
mus309 mutants is that they are a consequence of a block to efficient repair DNA synthesis. 
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This model predicts that if repair synthesis is completely blocked, the deletion phenotype 
should be at least as severe as that observed in mus309 mutants. 
Repair synthesis requires invasion of the broken DNA strand into a homologous 
template. The Rad51 protein is known to catalyze this strand exchange reaction in multiple 
organisms (reviewed in Sung et al., 2003; reviewed in Symington, 2002). In flies, the 
DmRad51 protein is encoded by the spn-A gene (Staeva-Vieira et al., 2003). Flies lacking 
DmRad51 are unable to carry out DNA synthesis during DSB repair, and instead join the 
broken ends together without synthesis (McVey et al., 2004a). To determine whether a 
synthesis defect is required for deletions, we used the P{wa} assay to analyze repair events 
in spn-A mutants. 
 We characterized 116 aberrant repair events isolated from spn-A mutant males, and 
found that only three (2.6%) were male-lethal, indicating deletions into sd coding sequence 
(Table 1). An additional two (1.7%) had non-lethal deletions, and these were similar in size 
to those isolated from wild type and mus309 mutants. Thus, a total of 4.3% of aberrant 
repair events in flies lacking DmRad51 had flanking deletions; this frequency is not 
significantly different from the frequency in wild type (p=0.16). Because spn-A mutants have 
greatly reduced repair synthesis relative to mus309 flies, but mus309 repair products are 14 
times more likely to involve deletions, it follows that a lack of repair synthesis per se does 
not lead to deletion formation. 
 
Flanking deletions occur after strand invasion 
 The flanking deletions associated with DSB repair in the absence of DmBlm do not 
appear to be a result of decreased repair synthesis. An alternative model is that DmBlm is 
involved in protecting the broken DNA ends from degradation, either by binding to the ends 
or by recruiting a complex that binds to the ends. If this model is correct, then mus309 spn-A 
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double mutants should still have a high rate of deletions because they lack DmBlm to 
protect the ends.  
 We therefore repeated the P{wa} assay in mus309 spn-A double mutant males. As in 
the spn-A single mutants, we did not recover any red-eyed progeny (n=3606); 17% had 
yellow eyes. We molecularly analyzed 109 independent repair products from yellow-eyed 
progeny. Seven (6.4%) were male lethal, indicating deletions into sd coding sequences 
(Table 1). An additional two repair events were associated with non-lethal flanking deletions, 
for a total of 8.6%. The frequency of deletions in the mus309 spn-A double mutants is not 
significantly different from the frequency in wild type (p = 0.8). We conclude that the large 
increase in deletions generated in the absence of DmBlm occurs only when DmRad51 is 
present. 
 
Model for DSB repair in wild type and mus309 mutant flies 
   We have reported that DSB repair in the absence of DmBlm is associated with 
frequent deletions into flanking sequences. Removing DmRad51 suppresses this deletion 
phenotype, suggesting that DmBlm functions after DmRad51 in preventing deletion 
formation. One possibility is that DmBlm acts ahead of the repair synthesis fork to unwind 
the template. This could account for the shorter synthesis tracts found in repair events that 
take place in the absence of DmBlm. However, it is difficult to see how defects in this 
function could result in deletions. A more attractive alternative is that DmBlm acts behind the 
synthesis fork to unwind the nascent strand (Figure 2.4). In SDSA, the ends of a break are 
resected to generate 3’ single-stranded tails. One (or both) of these invades a homologous 
template to form a D-loop, and the tail is then extended by repair DNA synthesis. The 
hallmark of SDSA is the annealing of this nascent strand to the single-stranded DNA at the 
other end of the break. For this to occur, the nascent strand must first be dissociated from 
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Figure 2.4. Model for the 
function of DmBlm in DSB 
repair. The top structure 
represents the intermediate after 
strand invasion and repair 
synthesis. DmBlm functions at 
the junction marked by the 
the template, resolving the D-loop. We propose that DmBlm is involved in this dissociation 
step. 
 Dissociation of the nascent strand could cause termination of repair synthesis, 
resulting in a lack of processivity. If DmBlm is responsible for dissociation of the nascent 
strand, then in the absence of DmBlm we might expect to see longer synthesis tracts. 
However, we recover shorter synthesis tracts in the absence of DmBlm function, suggesting 
that DmBlm is not responsible for the lack of processivity during repair synthesis. 
 In the absence of dissociation by DmBlm, the D-loop intermediate must be 
processed by an alternative mechanism. We propose that one way to separate the two 
duplexes is to cut the invading strand 5’ to the point of strand transfer (bottom right of Figure 
2.4). According to this proposal, after DSB formation one strand is resected from the end of 
the break. The single-stranded region exposed by resection invades a homologous 
template, and subsequently is cleaved. This combination of resection of one strand and 
cleavage of the complementary strand results in a double-stranded deletion of sequences 
flanking the original break point. 
 In conditions where end joining is unfavorable, this deletion could be enlarged 
through multiple cycles of re-resection, invasion, and cleavage. In a previous study, we 
invading strand.  The resulting single-stranded DNA can then anneal to a complementary strand 
(lower left). In the absence of DmBlm, an endonuclease cleaves the invading strand at the 
arrowhead. The result (lower right) is a double-stranded deletion of sequences adjacent to the 
original DSB site. 
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suggested that repair synthesis is not highly processive, and estimated that the median tract 
length may be only a few hundred nucleotides (McVey et al., 2004a). Although this would be 
sufficient for repair of a simple DSB, it is unlikely that a single episode of repair synthesis 
would traverse the 14-kb gap remaining after excision of the P{wa} element. SDSA repair of 
a large gap must therefore require multiple cycles of strand invasion, synthesis, and 
dissociation, perhaps occurring independently at both ends. In the absence of DmBlm, 
repair by end joining after many rounds of resection, invasion, and cleavage could generate 
the large deletions that we observe. 
 Although most repair events isolated from mus309 mutants involved deletions, many 
did have detectable synthesis tracts. It must therefore be possible to dissociate the nascent 
strand in some cases. One possible explanation is that the mus309 mutants we used were 
not completely devoid of DmBlm activity. The males used in our assay are derived from 
mothers that are heterozygous for a mus309 mutation, so there may have been perdurance 
of some maternally derived DmBlm. We have observed a strong maternal effect for 
heterozygosity for spn-A (McVey et al., 2004a). Alternatively, DmBlm may not be absolutely 
required to unwind the D-loop. There are two other RecQ helicases in Drosophila, RecQ5 
and RecQ4 (Sekelsky et al., 2000a), and it is possible that one of these or some other 
helicase can weakly compensate for loss of DmBlm. In either scenario, a model in which 
multiple rounds of invasion, synthesis, and dissociation are required to repair across a large 
gap predicts that in mus309 mutants, dissociation will ultimately fail. Alternative processing 
of the D-loop, followed by end joining, will result in the net decrease in synthesis tract 
lengths that we observe. 
 D-loops such as those found during SDSA repair synthesis are a preferred in vitro 
substrate for human BLM and E. coli RecQ (Harmon and Kowalczykowski, 1998; van 
Brabant et al., 2000), lending support to our model. BLM interacts physically with RAD51 
(Wu et al., 2001). Since RAD51 coats the single-stranded DNA prior to D-loop formation 
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(Baumann and West, 1997), this interaction might provide a mechanism for targeting BLM to 
its preferred substrate in SDSA. 
 Our model provides an explanation for the paradoxical finding that RecQ helicases 
can both prevent illegitimate recombination and promote homologous recombination 
(Hanada et al., 1997; Harmon and Kowalczykowski, 1998; Myung et al., 2001; Yamagata et 
al., 1998). Unwinding of D-loops generated during strand invasion into a non-homologous or 
homeologous template can prevent illegitimate recombination, whereas unwinding of 
D-loops after repair synthesis using a homologous template can promote homologous 
recombination. 
 The identity of the endonuclease we propose is unknown.  Mutation of the S. 
cerevisiae BLM ortholog, SGS1, is synthetically lethal with mutations in any of six SLX 
genes, four of which encode the MUS81/MMS4 and SLX1/SLX4 heterodimeric structure-
specific endonucleases (Mullen et al., 2001). Interestingly, mutations in RAD51 rescue the 
synthetic lethality between sgs1 and mus81 or mms4 (Fabre et al., 2002). Orthologs of 
MUS81, MMS4 and SLX1 can be identified in Drosophila (unpublished data). Given the 
genetic interactions in S. cerevisiae, it will be interesting to determine whether any of these 
genes plays a role in deletion formation following aberrant DSB repair in flies lacking 
DmBlm. 
 In summary, we have demonstrated that loss of DmBlm results in a propensity to 
repair double-strand breaks by a mechanism that produces large deletions. Because the 
formation of these deletions requires Rad51-mediated strand invasion, the primary function 
of DmBlm in SDSA must occur after strand invasion. We propose that DmBlm is required to 
dissociate the invading strand, and the synthesis tract primed off it, from the homologous 
template to allow annealing to a complementary single strand. In the absence of DmBlm, 
this D-loop structure is cleaved, generating a deletion. The identification of an endonuclease 
that promotes disassembly of D-loops in the absence of DmBlm could provide insight into 
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error-prone repair mechanisms that operate in Bloom Syndrome, causing genomic instability 
and cancer. 
 
Materials and Methods 
Drosophila stocks and genetics 
Flies were maintained on standard medium at 25°C. The P{wa}  transgene used in 
this study is described by Kurkulos et al. (1994) and Adams et al. (2003). The mus309 
mutants were compound heterozygotes of mus309D2 and mus309D3 (Kusano et al., 2001). 
The spn-A mutants were compound heterozygotes of spnA057 and spnA093A (Staeva-Vieira et 
al., 2003). The transposase source used in these experiments was H{w+, Δ2-3}Hop2.1. 
Crosses for the P{wa} assay are described by Adams, et al. (2003) and McVey, et al. 
(2004a). Briefly, single males containing P{wa} and transposase in a wild type, mus309 
mutant, or spn-A mutant background were crossed to four y w P{wa} virgins, and female 
progeny without transposase were scored. Aberrant repair products were recovered as 
white-eyed sons of yellow-eyed female progeny (only one female was taken from each 
cross vial). Absence of white-eyed sons indicated a male-lethal mutation. These were 
recovered instead in balanced daughters, and were confirmed to be sd deletions by crossing 
these to sd1 males and scoring the scalloped-wing phenotype of the daughters. 
 
Molecular analysis of aberrant repair 
Repair synthesis tract lengths were determined as described in Adams, et al. (2003). 
Genomic DNA was prepared from single male flies containing the aberrant repair product. 
PCR reactions contained 10 mM Tris-HCl pH 9.0, 50 mM KCl, 2.5 mM MgCl2, 0.1% Triton X-
100, 1.25 μM each primer, 250 μM dNTPs, 2 μl of the genomic DNA prep and Taq DNA 
polymerase in a 20 μl volume. PCR products were analyzed by agarose gel electrophoresis 
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followed by ethidium bromide staining. Positive and negative controls were included in each 
set of reactions. Deletions flanking the DSB site were determined by a lack of PCR product 
using primers complementary to sequences of sd on both sides of the P{wa} insertion site 
(see Figure 2.3). The nearest primers used were 200 bp to the left and 420 bp to the right. 
 
 
 
  
 
 
CHAPTER III 
DROSOPHILA ATR IN DOUBLE-STRAND BREAK REPAIR1 
 
Introduction 
Cell-cycle regulation is an important response to DNA damage.  This regulation 
couples repair with cell cycle progression to prevent genomic instability following DNA 
damage.  In the DNA damage checkpoint pathway, sensors recognize DNA damage and 
then stimulate a variety of responses, including phosphorylation of transducers of the 
checkpoint pathway.  These transducers then activate or inactivate effectors that directly 
inhibit cell cycle progression, resulting in arrest of the cell cycle to allow time to repair the 
damage (reviewed in Sancar et al., 2004). 
ATM and ATR are important mediators of DNA damage checkpoints.  Both regulate 
DNA damage-dependent cell cycle checkpoints at the G1-to-S transition, within S phase, 
and at the G2-to-M transition (reviewed in Sancar et al., 2004; reviewed in Shiloh, 2003).  In 
mammals, ATM primarily responds to double-strand breaks (DSBs), and is therefore 
activated by ionizing radiation (IR) (Canman et al., 1998).  In contrast, ATR primarily 
responds to the presence of ssDNA, and is therefore activated by hyperoxia, DNA 
polymerase inhibitors, and ultraviolet (UV) radiation (Cliby et al., 1998; Das and 
Dashnamoorthy, 2004; Unsal-Kacmaz et al., 2002; Wright et al., 1998).  Recent findings, 
however, suggest that the roles of these checkpoints may be more complex than originally 
proposed.  In mammals, there is evidence that ATM and ATR may regulate each other.  For 
example, ATR may be activated by ssDNA that is generated during ATM-dependent repair  
1This work has been previously published (LaRocque et al., 2007b). 
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of DSBs (Wang et al., 2003).  Also, ATR is required to maintain the checkpoint initiated by 
ATM (Brown and Baltimore, 2003). 
 Although there are Drosophila orthologs for both ATM and ATR, the DNA damage-
dependent checkpoint functions reside primarily in the latter, which is encoded by the mei-
41 gene.  The MEI-41 protein is required to prevent entry into mitosis before completion of 
replication and for checkpoints induced by DSBs during all phases of the cell cycle (Bi et al., 
2005a; Brodsky et al., 2000b; Garner et al., 2001; Hari et al., 1995; Jaklevic and Su, 2004; 
Sibon et al., 1999).  As a consequence, mei-41 mutants are hypersensitive to agents that 
inhibit or block replication, such as hydroxyurea, alkylating chemicals, and ultraviolet 
radiation, and to agents that generate DSBs, such as IR (Boyd et al., 1976; Sibon et al., 
1999).  In contrast, the primary roles of the Drosophila ortholog of ATM (encoded by tefu) 
are in telomere stabilization and regulation of P53-dependent apoptosis; null mutations in 
tefu are lethal, possibly due to chromosome breakage resulting from telomere fusions (Bi et 
al., 2005b; Bi et al., 2004; Silva et al., 2004; Song et al., 2004).  Temperature-sensitive tefu 
mutants are hypersensitive to IR, but they have a fully-functional checkpoint at high doses of 
IR (Silva et al., 2004).  Thus, although MEI-41 has more sequence similarity to ATR, it 
appears to function as the major component of replication and DNA damage checkpoint 
pathways similar to both mammalian ATR and ATM.  These checkpoint functions appear to 
be mediated entirely by orthologs of Chk1 and Chk2, which are encoded by the grp and lok 
genes, repectively (Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; Xu et 
al., 2001). 
Most studies of ATM and ATR have focused on the checkpoint functions of these 
kinases.  However, it has been suggested that human ATM has a role in DNA repair in 
addition to its role in cell cycle regulation (reviewed in Jeggo et al., 1998; Jeggo and Lobrich, 
2006; Lobrich and Jeggo, 2005; O'Driscoll and Jeggo, 2006).  Numerous studies stemmed 
from the observation that cells from ataxia telangiectasia patients who are mutant for ATM 
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(A-T cells) displayed radiosensitivity after IR. Further analysis has demonstrated that ATM is 
involved in repair through its role in Artemis-dependent NHEJ repair of DSBs (Jeggo and 
Lobrich, 2005; Kuhne et al., 2004; Riballo et al., 2004).  ATR has also been implicated to 
facilitate HR repair due to the observation that A-T cells have abnormal HR repair after IR 
(Morrison et al., 2000). Studies in yeast have reached similar conclusions, where localization 
of components of Sir complex, which is implicated in NHEJ repair, is ATM-dependent in 
response to DSBs (Mills et al., 1999).  Lastly, ATM kinases have been implicated to play a 
role in repair based on ATR- and ATM-dependent activation of proteins such as H2AX which 
facilitate the assembly of repair complexes on damaged DNA (reviewed in Abraham, 2001; 
Bassing et al., 2002; Celeste et al., 2002; Downs et al., 2000; Paull et al., 2000; Ward and 
Chen, 2001). Despite numerous works supporting the idea that interplay between cell cycle 
regulation and DNA repair exists, this topic remains of interest in the field and more studies 
are needed to elucidate this connection.  
Drosophila MEI-41 has also been proposed to have a role in promoting survival after 
IR that is independent of its checkpoint function.  Jaklevic and Su (2004) found that mei-41 
mutants are killed by doses of IR that are not lethal to grp mutants, although both are 
defective in the G2-M checkpoint induced by IR.  Similarly, Oikemus, et al. (2006) found that 
both spontaneous and IR-induced chromosome breaks were increased in mei-41 mutants 
but not in grp lok double mutants, suggesting that MEI-41 has a role in preventing 
chromosome breaks that is independent of GRP and LOK. 
To better understand specific roles of MEI-41 in DNA repair, we assayed DSB repair 
in mei-41 mutants.  Our results indicate that the ability to complete the later steps of repair 
by homologous recombination (HR) in the absence of MEI-41 is decreased, frequently 
resulting in cell or organismal lethality.  We did not detect an effect of loss of MEI-41 on 
repair through non-homologous end joining (NHEJ).  Our data suggest that DSB repair 
defects in mei-41 mutants are due in part to the role of MEI-41 in eliciting the G2-M DNA 
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damage checkpoint, but that loss of the GRP/LOK-mediated checkpoint does not account 
for all of the defects observed.  This reveals a novel role for MEI-41 in HR repair that is 
independent of the known function in cell cycle regulation. 
 
Results 
mei-41 mutants are sensitive to transposase-induced DSBs due to defects in 
homologous recombination repair 
 
To investigate the role of MEI-41 in repairing DSBs, we employed a repair assay 
based on excision of a P transposable element (Adams et al., 2003).  We generated males 
with an X chromosome insertion of P{wa} (Figure 2.3) and P transposase, which catalyzes 
excision of P{wa} throughout development in both the germline and soma.  Survival to 
adulthood of mei-41 males experiencing P{wa} excision during development is drastically 
reduced (Figure 3.1A), as in previous studies with other P element insertions (Banga et al., 
1991).  Lethality was not observed in wild-type or in mei-41 mutants that did not have a 
P{wa} insertion.  Thus, MEI-41 plays a crucial role in responding to even a single DSB. 
We hypothesized that the decreased viability of mei-41 mutants is due to 
accumulated cell death caused by an inability to repair transposase-induced DSBs.  Repair 
of these DSBs can occur through homologous recombination (HR) or non-homologous end 
joining (NHEJ) pathways.  We inactivated HR with mutations in spn-A, which encodes the 
Drosophila ortholog of the strand invasion protein Rad51 (Staeva-Vieira et al., 2003) (Figure 
3.1B).  Although spn-A mutants are incapable of repairing through HR and are extremely 
sensitive to ionizing radiation, these mutants can efficiently repair a single transposase-
induced DSB through a non-canonical NHEJ pathway (McVey et al., 2004a) (Figure 1.2c).  
Therefore, spn-A mutant males that have the X chromosome P{wa} insertion and 
transposase are fully viable (Figure 3.1A).  Remarkably, mutations in spn-A completely 
suppressed the lethality of mei-41 mutant males associated with excision of the P{wa} 
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element (Figure 3.1A).  We propose that attempts to repair DSBs through HR in the 
absence of MEI-41 are frequently unsuccessful, resulting in an accumulation of cell death in 
some essential tissue and, consequently, organismal death.  Analysis of individual repair 
events (see below) from mei-41; spn-A mutants supports this interpretation: all such repair 
events appear to result from end joining (data not shown), and the junctions are 
indistinguishable from those produced by spn-A single mutants (McVey et al., 2004a).   
 
mei-41 mutants have reduced ability to complete the final steps of SDSA 
The viability defect described above demonstrates that attempts to repair DSBs 
through HR fail when MEI-41 is absent.  To gain insight into the cause of the failure, we 
determined the molecular structures of repair events generated in mei-41 mutants.  
Figure 3.1. Lethality due to transposase-induced DSBs.  (A) Lethality using chromosome 2 
transposase and P{wa} element.  (B) Lethality using chromosome 3 transposase and three P 
elements (P{wa} and two at the sn locus).  DSBs occur in the somatic tissue and germline of the 
male progeny of the indicated zygotic genotype (X axis) that have both the P{wa} element and 
transposase (A) or snw and P{wa} elements and transposase (B; see Material and Methods for 
details).  Percent expected is determined by the number of males of the indicated genotype with 
transposase relative to brothers without transposase.  Bars represent means; error bars indicate 
standard deviation from three independent experiments (wild type, mei-41, grp lok, and CycB/+; 
CycA/+ rescue) or range from two experiments (other genotypes). 
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Germline DSB repair events were assayed by crossing surviving males with P{wa} and 
transposase to appropriate females, and recovering repaired X chromosomes in the female 
progeny.   
Most DSB repair in the Drosophila germline occurs through an HR pathway termed 
synthesis-dependent strand annealing (SDSA) (described in Adams et al., 2003; Kurkulos et 
al., 1994; McVey et al., 2004a; McVey et al., 2004c; Nassif and Engels, 1993).  SDSA 
begins with the generation of single-stranded DNA by resection of the 5’ ends of the DSB 
(Figure 1.2).  One or both single-stranded ends can then invade a homologous template and 
prime repair DNA synthesis.  After dissociation of the nascent strand from the template, 
SDSA is concluded through annealing of complementary single strands, trimming of any 
overhangs, filling of any gaps, and ligation. 
Most female progeny from the surviving mutant males have apricot eyes; the majority 
of these are derived from cells in which the P element did not excise, but some result from 
complete restoration of the P{wa} element through SDSA, using the sister chromatid as a 
repair template (McVey et al., 2004a) (Figure 2.1).  Because we cannot distinguish between 
failure to excise and excision followed by restoration of the P{wa}, apricot-eyed progeny are 
uninformative.  The other two classes of progeny, however, allow us to distinguish between 
complete SDSA (red eyes) and other repair mechanisms (yellow eyes) (Adams et al., 2003).  
Rates of P{wa} excision can vary, depending on transposase source and other factors, but 
this does not affect the ratio of the two types of repair events (McVey et al., 2004a) 
Supplemental Table 3.1).  To control for differences in excision rate, repair outcomes are 
expressed as the percentage of detectable repair products (sum of red-eyed and yellow-
eyed progeny) that that have completed SDSA (red-eyed progeny; see Supplemental Table 
3.1 for total numbers scored). 
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Of the repair events obtained in progeny of wild-type males, 46% were derived from 
completed SDSA (Figure 3.2).  This class was significantly decreased in mei-41 mutants: 
only 20% of repair events were completed SDSA, corresponding to a 57% reduction (p <  
0.05). This reduction appears to be due to decreased recovery of SDSA repair products 
(progeny with red eyes), since there is neither a comparable decrease nor a corresponding 
increase in non-SDSA products (progeny with yellow eyes; Supplemental Table 3.1).  This 
finding supports the proposal that in the absence of MEI-41, unsuccessful attempts to repair 
through SDSA result in cell death, rather than repair through another mechanism, such as 
end joining. 
To better understand the repair defect in mei-41 mutants, we determined the 
structures of repair events recovered as yellow-eyed progeny.  Most of the yellow-eyed 
progeny of wild-type males result from initiation of SDSA followed by end-joining rather than 
annealing and ligation (Adams et al., 2003).  We found evidence for repair synthesis from 
one end of the break utilizing a homologous template in 79 of 83 yellow-eyed progeny from 
wild-type males, and 101 of 103 yellow-eyed progeny from mei-41 males.  Because the 
Figure 3.2. Percent of SDSA repair events 
in checkpoint mutants.  Bars represent 
average percentage of complete SDSA 
repair (red-eyed progeny) out of all repair 
products (red- and yellow-eyed progeny) 
from independent experiments of each 
indicated genotype.  Error bars represent 
standard deviations from three or four 
independent experiments in wild type, 
mei-41 and grp lok mutants and ranges from two independent experiments in lok and grp single 
mutants.  Statistical significance (p < 0.05) was determined from the weighted averages and 
weighted standard deviations of each genotype.  Each independent experiment was an 
observation of a range of 63 to 387 individual repair events.  See Supplemental Table 3.1 for total 
numbers scored. 
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P{wa} in this assay is on the male X chromosome, the only repair template available is the 
sister chromatid.  Thus, excision and repair occurs in G2 in both wild-type and mei-41 
mutants. 
Relative to the sister chromatid, P{wa} excision generates a 14-kb gap.  We 
previously reported evidence that repair DNA synthesis during SDSA is not highly 
processive, and that repair of a large gap involves multiple rounds of strand invasion, 
synthesis, and dissociation (Figure 1.2) (McVey et al., 2004a).  Before each strand invasion 
event, the single-stranded ends may be joined through a non-canonical NHEJ pathway, 
resulting in an internally deleted P{wa} element.  The amount of repair synthesis that occurs 
before end joining can be estimated by determining the lengths of synthesis tracts in repair 
events recovered in yellow-eyed progeny.  Tract lengths were similar whether MEI-41 was 
present or not (Figure 3.3).  We conclude that MEI-41 is not required for the early steps of 
SDSA, including initiation, strand-invasion, repair synthesis, and dissociation (Figure 1.2a-f).  
Likewise, MEI-41 is not required for completion of repair through NHEJ (Figure 1.2i). 
Our results suggest that the diminished ability of mei-41 mutants to repair DSBs 
through SDSA occurs during the final steps – annealing and ligation (Figure 1.2h).  To 
confirm this conclusion, we assayed repair under conditions in which annealing and ligation 
are essential, but the need for strand invasion and repair synthesis is bypassed.  When a 
Figure 3.3. Synthesis tract lengths in 
wild type and mei-41 mutants.  Repair 
synthesis from the right end of the DSB 
was analyzed for incomplete SDSA 
repair events (83 independent events 
from wild type and 103 from mei-41 
mutants).  Each bar represents the 
percentage of repair products with a 
synthesis tract at least as long as the 
indicated distance. 
 
 
43
DSB is made between directly repeated sequences, resection of 5’ ends exposes single-
stranded sequences that can anneal without synthesis; this repair process is termed single-
strand annealing (SSA) (Ivanov et al., 1996).   
In the assay we employed (Rong 
and Golic, 2000), more than 92% of the 
progeny of wild-type males resulted from 
repair by SSA (Table 3.1).  In mei-41 
mutants, 82% of the progeny resulted from 
SSA.  Although the magnitude of the effect 
in this assay is lower than in the SDSA 
assay, the decrease is highly significant (p < 
0.001).   
Taken as a whole, our results support the hypothesis that mei-41 mutants are unable 
to complete SDSA effectively, even when there is only a single DSB.  In the absence of 
MEI-41, SDSA is initiated and repair synthesis proceeds as usual, likely involving multiple 
cycles of strand invasion, synthesis, and dissociation.  Repair can then be completed by end 
joining without negative consequences.  However, attempts to complete SDSA through 
annealing and ligation are frequently unsuccessful, resulting in cell death. 
 
Lethality of mei-41 mutants is rescued by reducing mitotic cyclin levels 
We propose two hypotheses to explain the inability to complete SDSA in the 
absence of MEI-41.  First, MEI-41 may facilitate the final steps of this pathway, perhaps by 
regulating enzymes important for these steps.  Alternatively, or additionally, the loss of the 
G2-M DNA damage checkpoint in mei-41 mutants may result in entry into mitosis before 
repair by SDSA has been completed.  To test this second hypothesis, we sought to delay 
entry into mitosis through other means and ask if these conditions bypass the requirement 
Table 3.1. Single-strand annealing (SSA) 
 in checkpoint-defective mutants 
Genotype n % white 
(SSA) 
% red 
(no SSA) 
wild type 2574   92.0*  8.0 
mei-41 2171   82.0** 18.0 
lok 769   95.3*  4.7 
grp 462   92.6*  7.4 
grp lok 2703   87.1*,** 12.9 
* p < 0.001 when compared to mei-41 
**p < 0.001 when compared to wild-type 
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for MEI-41.  Reducing the maternal contribution of the mitotic cyclins, Cyclin A and Cyclin B, 
slows early embryonic cell cycle progression (Edgar et al., 1994) and can bypass the 
requirement for MEI-41 in regulating the midblastula transition during early embryonic 
development (Sibon et al., 1999).  We found that reduction of the maternal contribution of 
CycA or the zygotic contribution of either mitotic cyclin increased survival of mei-41 mutants 
carrying transposase and P{wa} (Figure 3.1A & 3.1B and data not shown).  The combination 
of maternal and zygotic reduction in CycA plus zygotic reduction of CycB restored full 
viability.  
We also determined the effects of cyclin reductions in a non-essential somatic tissue, 
the progenitors of the compound eye, as in Romeijn et al. (2005).  In this assay, the eyes of 
males carrying P{wa} and transposase are scored for clones of red-pigmented cells, 
indicative of completed SDSA, and unpigmented (white) cells, indicative of repair through 
end joining (Adams et al., 2003).  In wild-type flies, almost every eye has at least one red 
clone (Supplemental Table 3.2).  In contrast, in mei-41 mutants, only ten percent of eyes 
have a red clones.  In mei-41 mutants heterozygous for a CycA or CycB mutation, the 
frequency of red clones increased.  This result, while not as precise as measurements of 
germline repair events, supports our conclusion that MEI-41-dependent regulation of cell 
cycle progression contributes to the efficiency of HR repair in multiple tissue types. 
 
Loss of the GRP/LOK-mediated G2-M DNA damage checkpoint accounts for only part 
of the decreased ability of mei-41 mutants to complete SDSA 
 
The finding that reducing the levels of mitotic cyclins can rescue lethality of mei-41 
mutants caused by transposase-induced DSBs suggests that this defect is primarily or 
entirely due to loss of cell cycle regulation.  As a second test of this hypothesis, we 
examined repair and survival in grp and lok mutants.  The grp and lok genes encode 
orthologs of Chk1 and Chk2, respectively.  In other organisms, Chk1 and Chk2 have 
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partially redundant roles in transducing cell cycle checkpoints (Boddy et al., 1998; Chen and 
Sanchez, 2004; Helt et al., 2005; reviewed in Sancar et al., 2004; Sanchez et al., 1996).  
Drosophila grp and lok mutants are defective in replication and damage checkpoints 
(Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; Masrouha et al., 2003; 
Royou et al., 2005; Su et al., 1999; Yu et al., 2000).  In some studies, grp mutants were 
found to completely lack the G2-M DNA damage checkpoint (de Vries et al., 2005; Jaklevic 
and Su, 2004), but others have suggested that GRP and LOK have partially redundant 
functions in this response (Brodsky et al., 2004; Xu et al., 2001). 
We could not use existing alleles of grp and lok because they have P-element 
insertions, so we generated and characterized new mutations in grp (grp209 and grpZ5170) and 
lok (lok30; see Figure 3.4 and Materials and Methods for details).  The grp209 and grpZ5170  
were screened for failure to complement the maternal-effect embryonic lethal phenotype of 
grp1, which has been proposed to be null (Bier et al., 1989; Fogarty et al., 1994).  Consistent 
with previous results with null alleles, the G2-M checkpoint induced by 4000 rads of IR was 
decreased in lok30 mutants (Xu et al., 2001) and was not detectable in grp209/grpZ5170 
mutants (Jaklevic and Su, 2004); Figure 3.4C).  As with other alleles, double mutants of 
these alleles are indistinguishable from mei-41 mutants in that the G2-M checkpoint was 
undetectable after 4000 rads of IR (Brodsky et al., 2004).  At lower doses (500 rads), a 
checkpoint response was undetectable in both grp single and grp lok double mutants, but 
was not affected in lok single mutants (Figure 3.4C).  Based on molecular data and similarity 
to with previously characterized null alleles of these genes, we conclude that these new 
alleles are genetically null. 
We used these mutations to determine whether the SDSA defects observed in mei-
41 mutants are due to a loss of the checkpoint response.  We first investigated lethality 
associated with P element excision.  Because grp and lok are on chromosome 2, we used a 
chromosome 3 transposase source.  This source is less active, resulting in fewer excisions, 
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but this does not affect repair outcome (McVey et al., 2004a); this study).  To offset the 
decreased transposase activity, we measured viability in the presence of an increased 
numbers of P elements: a combination of snw, which is an insertion of two small P elements, 
and the original P{wa} element.  For comparison, we also tested genotypes assayed in 
Figure 3.4. Checkpoint defects in grp and lok mutants.  (A) Schematic of the genomic 
architecture of grp is shown.  Each box represents an exon; solid regions designate protein-
coding regions (the four alternative first exons, which are non-coding, are not shown).  grp209 
was generated by excision of EP587 (triangle) to generate a deletion that removes the first two 
coding exons (bracket).  grpZ5170 has a C-to-T transition that changes a conserved proline at 
residue 189 in the kinase domain to leucine (asterisk; see Materials and Methods for details).  
(B) lok30 allele was generated by excision of EY15840 (triangle), generating a deletion of the 5’ 
UTR and first two coding exons (bracket).  (C) DNA damage checkpoint defects in mutants.  3rd 
instar larvae of the indicated genotype were unirradiated (top) or irradiated with either 500 rads 
(middle) or 4000 rads (bottom) of gamma-rays.  Imaginal discs were dissected and fixed one 
hour after irradiation.  Mitotic cells are revealed by staining with an antibody to phosphorylated 
histone H3. 
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Figure 3.1A with this combination of P elements and transposase. As in the previous assay, 
viability of mei-41 mutants is strongly decreased by the presence of transposase (Figure 
3.1B).  In contrast, grp and lok single mutants were fully viable.  In grp lok double mutants, 
viability was decreased relative to wild type or either single mutant, but the decrease was 
not as severe as in mei-41 mutants (p < 0.05).  Thus, while reducing cyclins can completely 
rescue lethality in mei-41 mutants, loss of the GRP/LOK-dependent checkpoint can account 
for only part of the viability defect of mei-41 mutants. 
We also assayed grp and lok mutants for specific repair defects in the germline.  
Although neither single mutant had a detectable defect in completing SDSA, the double 
mutant exhibited a significant (p < 0.05) decrease in the ability to complete SDSA (Figure 
3.2); however, the decrease was not as severe as that of mei-41 mutants (p < 0.05).  
Similarly, grp and lok single mutants did not show a decreased ability to repair through SSA, 
but the double mutant had a phenotype intermediate between that of wild type and mei-41 
mutants (Table 3.1; p < 0.001).  Among aborted SDSA repair events, synthesis tract lengths 
were similar in grp and lok single mutants, as well as in grp lok double mutants, to those of 
wild type and mei-41 mutants (data not shown).  Thus, loss of both GRP and LOK generates 
repair defects that are qualitatively identical to, but quantitatively less severe than, those 
resulting from loss of MEI-41.  These results support the conclusion that loss of the DNA 
damage-dependent checkpoint mediated through GRP and LOK is only partially responsible 
for the SDSA repair in mei-41 mutants. 
 
Discussion 
 In this study, we addressed two aspects of the role of MEI-41 in DSB repair: (1) 
which specific DSB repair processes are influenced by loss of MEI-41 and (2) whether the 
checkpoint function of MEI-41 accounts for defects in repair observed in mei-41 mutants.  
Our results indicate that loss of MEI-41 affects repair by HR, but not by NHEJ, and that the 
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disruption of HR cannot be explained entirely by loss of the GRP/LOK-mediated G2-M DNA 
damage checkpoint.  This suggests that MEI-41 regulates repair through a mechanism 
independent of the GRP/LOK-mediated checkpoint response. 
Evidence that the effect of loss of MEI-41 is specific to HR comes from our finding 
that lethality of mei-41 mutants undergoing P element excision is eliminated through use of 
spn-A mutations.  A previous study suggested that repair of DSBs generated by P element 
excision in somatic tissues occurs primarily through NHEJ (Gloor et al., 2000), but our 
results indicate that repair by HR is also important, at least in some essential tissue or 
tissues.  This conclusion was also reached by Romeijn et al. (2005), who demonstrated that 
mutations in okra, which encodes the ortholog of Rad54, also impart sensitivity to DSBs 
generated through P element excision.  In our assay, however, spn-A mutants, which are 
not capable of repairing through HR, are fully viable.  The difference between this result and 
that of Romeijn et al. is probably due to different rates of excision of the different P element 
insertions used.  Consistent with this interpretation, we have observed that differences in the 
rate of excision of the same P{wa} insertion, resulting from the use of different sources of 
transposase, can affect viability of repair-defective mutants (McVey et al., 2004a); this 
study}. 
Defects in HR, but not NHEJ, were also revealed through analysis of germline repair 
events:  recovery of products arising from completed SDSA was reduced in mei-41 mutants, 
but there was no effect on recovery of products in which repair was completed by end 
joining.  The latter type of product appears to arise from initiation of SDSA with multiple 
rounds of strand invasion, repair synthesis, and dissociation of the nascent strand.  In these 
products, however, repair is completed through a DNA ligase IV-independent end-joining 
pathway (Figure 1.2) (McVey et al., 2004a; McVey et al., 2004c), rather than by annealing of 
complementary strands, as in SDSA.  Because products in this class are indistinguishable 
between mei-41 mutants and wild-type males, we conclude that loss of MEI-41 does not 
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affect the ability to repair through end-joining, but rather the later steps in SDSA (Figure 
1.2).  
Much of the effect of loss of MEI-41 on repair can be attributed to the cell cycle 
checkpoint function.  Reduced viability of mei-41 mutants undergoing P element excision 
can be completely suppressed by reducing levels of mitotic cyclins.  One interpretation of 
this result is that reducing cyclins delays entry into or progression through mitosis, thereby 
alleviating the need for cell cycle regulation by MEI-41.  Another possibility is that cyclin 
reduction affects viability in some way other than through cell cycle regulation.  IRA et al. 
(2004) found that inhibiting Cdk1 (required for cell-cycle progression into mitosis) in budding 
yeast resulted in increased NHEJ repair of an HO endonuclease-induced DSB.  It is 
possible that the cyclin reduction in our experiments increases repair through NHEJ, 
resulting in an effect similar to that of eliminating SPN-A.  This was not true in the male 
germline, where the fractions of different repair products in CycB/+ or CycA/+ mutants were 
not different from wild type flies (data not shown).  In the male germline, however, reducing 
the zygotic dose of these cyclins did not affect the reduced ability of mei-41 mutants to 
complete repair by SDSA (data not shown).  This result may reflect different effects of cyclin 
reductions on cell cycle progression into mitosis in different tissues, and therefore does not 
provide insights into the mechanism by which cyclin reductions rescue the lethality of mei-41 
mutants experiencing excision of P elements during development. 
Additional support for an important role for MEI-41-dependent cell cycle regulation in 
the ability to repair DSBs through SDSA comes from analysis of mutants lacking GRP and 
LOK, which are required for the replication and DNA damage checkpoint response in 
Drosophila (Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; Masrouha et 
al., 2003; Royou et al., 2005; Su et al., 1999; Yu et al., 2000).  We found that grp lok double 
mutants had the same phenotypes as mei-41 mutants.  However, the effects were less 
severe in each of three different assays (viability, SDSA repair, and SSA repair). 
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The IR-induced G2-M checkpoint is undetectable in grp single mutants (as in mei-41 
mutants), and is partially defective in lok single mutants at high doses (Liu et al., 2000, 
Brodsky, 2004 #2542, this study; Xu et al., 2001); however, we did not detect repair defects 
in grp or lok single mutants.  We attribute this apparent paradox to differences in the assays 
used.  In Drosophila studies, the G2-M checkpoint is observed after exposure to IR, by 
staining proliferating imaginal disc tissues with a marker for mitosis (an antibody to 
phosphorylated histone H3).  In our assays, we looked for defects in HR repair of DSBs 
generated by P element excision in different tissues, throughout development.  P element 
excision leaves a 17-nt 3’-ended single-strand overhang (Beall and Rio, 1997), whereas IR 
causes multiple types of damage, including single-strand nicks and DSBs (Frankenberg-
Schwager, 1990; Hutchinson, 1985; Price, 1993; Ward, 1990).  There may also be tissue-
specific differences in the requirements for GRP and LOK for checkpoint signaling.  For 
example, GRP may be essential for this process in imaginal disc cells, but redundant with 
LOK in the male germline.  It is also interesting no requirement for LOK is observed at low 
doses of IR.  This suggests that LOK is only activated at high doses to facilitate the G2-M 
checkpoint. Finally, we cannot eliminate the possibility that GRP and LOK may be redundant 
in a checkpoint-independent pathway that contributes to SDSA repair, but there is at present 
no evidence that these proteins act redundantly in DNA damage repair pathways in 
Drosophila or other organisms. 
All of the effects of loss of MEI-41 on ability to complete SDSA may be due to loss of 
the DNA damage-dependent checkpoint, if this checkpoint is not completely eliminated in 
grp lok double mutants.  In the assay we and others use to assess the G2-M checkpoint, the 
phenotype of grp lok double mutants is indistinguishable from that of mei-41 mutants 
(Brodsky et al., 2004; Liu et al., 2000; Xu et al., 2001) this study}, but it is possible that some 
effects of the checkpoint are not detectable with this assay.  If grp lok double mutants retain 
some aspect of the MEI-41-dependent DNA damage checkpoint, there must be some 
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transducer that remains to be identified.  Studies in other model organisms suggest that 
ATR/ATM-dependent DNA damage checkpoints are transduced entirely through Chk1 and 
Chk2 (Boddy et al., 1998; Chen and Sanchez, 2004; reviewed in Sancar et al., 2004; 
Sanchez et al., 1996).  In Xenopus, Mcm2 is a direct substrate of ATM and ATR in response 
to DNA damage in the DNA replication checkpoint (Yoo et al., 2004).  However, repair of the 
P excision-induced DSB analyzed in this study requires a sister chromatid for HR, and 
therefore must occur in G2 (see Results section). We suggest that the G2-M DNA damage 
checkpoint function of MEI-41 accounts for only a portion of the reduced ability to complete 
SDSA when MEI-41 is absent and that MEI-41 has a role in response to DNA damage 
independent of the GRP/LOK-mediated checkpoint (Figure 3.5). 
In conclusion, our results indicate that MEI-41 has multiple roles in regulating 
responses to DNA damage.  We found that mei-41 mutants are compromised in their ability 
to complete the later steps of SDSA, but not in NHEJ.  The defects seem to be due in part to 
loss of the GRP/LOK-mediated G2-M DNA damage checkpoint, resulting in insufficient time 
for repair in some cells.  This suggests that the later steps in SDSA – annealing of 
Figure 3.5. Model for MEI-41 in 
repair of DSBs.  We propose that 
MEI-41 is involved in the later steps 
of SDSA in repairing a single DSB 
(after strand invasion and repair 
synthesis).  Our genetic experiments 
indicate that in addition to the 
GRP/LOK-dependent checkpoint 
response, MEI-41 is also involved in 
repairing DSBs independent of this 
checkpoint.  The presence of MEI-41 
in both of these pathways ensures 
complete repair through SDSA. 
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complementary sequences, trimming overhangs and/or filling gaps, and ligation – are more 
time-consuming than joining the ends generated by multiple cycles of repair synthesis.  Our 
finding that the GRP/LOK-mediated checkpoint function of MEI-41 does not entirely account 
for the defects of mei-41 mutants in HR repair implies that MEI-41 has an additional function 
in facilitating the later stages of HR repair that is independent of this checkpoint, as 
suggested in studies examining other functions of MEI-41 (Jaklevic and Su, 2004; Oikemus 
et al., 2006).  It has been suggested that mammalian ATM kinases have a role in DSB repair 
independent of their checkpoint functions (Jeggo et al., 1998; Jeggo and Lobrich, 2006; 
Lobrich and Jeggo, 2005; O'Driscoll and Jeggo, 2006); see introduction}, Given the 
conservation of checkpoint functions between these kinases and MEI-41, it may be that 
mammalian ATM kinases facilitate HR in a manner similar to the function of MEI-41 
described here. 
 
Materials and Methods 
Drosophila stocks and genetics   
Flies were maintained on standard medium at 25o.  The P{wa} transgene used in this 
study is described by Kurkulos et al. (1994) and Adams et al. (2003).  The mei-41 mutant 
males were hemizygous for mei-4129D (Laurencon et al., 2003).  The spn-A mutants were 
compound heterozygotes of spn-A057 and spn-A093A (Staeva-Vieira et al., 2003).  The cyclin 
alleles used were CycAC8LR1 (Sigrist and Lehner, 1997) and CycB2 (Jacobs et al., 1998). 
The grp mutants used were compound heterozygotes of grp209 and grpZ5170.  grpZ5170 
was obtained by screening a collection of non-lethal EMS mutants on the 2nd chromosome 
(Koundakjian et al., 2004) for maternal-effect lethality and failure to complement grp1 
(Fogarty et al., 1997).  We sequenced the region encoding GRP in this mutant, revealing a 
C-to-T transition that changes a conserved proline in the kinase domain (residue 189) to 
leucine.  The grp209 allele was generated by excision of P{EP}587, which is inserted 551 bp 
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upstream of the initiator ATG site.  Excision alleles were screened for failure to complement 
the female sterile phenotype caused by grp1.  A deletion in grp209 includes the first two 
coding exons (see below).  Both alleles were confirmed to be genetic nulls by the 
observation that each were completely defective in the G2-M checkpoint after IR and failed 
to complement the maternal-effect embryonic lethality reported for other alleles.  lok30 is a 
deletion of the 5’ UTR and first two coding exons, generated through excision of 
P{EPgy2}EY15840.  This allele behaves like published null alleles in that mutants are 
moderately defective in the G2-M checkpoint after exposure to IR. 
 
Viability experiments  
Male viability was determined by the ratio of P-element-containing males of the 
indicated genotype with transposase compared to the same genotype without transposase 
(= percent of expected).  Experiments with mei-41, spn-A, CycA and/or CycB heterozygotes 
used the H{w+, Δ2-3}Hop2.1 transposase source, located on a CyO balancer chromosome.  
All flies carried a P{wa} inserted on the X chromosome.  Experiments with grp and lok, which 
are on chromosome 2, used the P{ry+, Δ2-3}(99B) transposase source on chromosome 3.  
Although this source results in greater mosaicism in the eye, it produces fewer excisions in 
the male germline, but this does not affect repair outcomes (McVey et al., 2004a).  Using the 
third chromosome transposase source, viability in mei-41 mutants was unaffected in the 
presence of the single P{wa} element, presumably due to lower activity of this source in 
some essential tissue; decreased transposase activity has been shown to decrease viability 
defects in other mutants (Engels et al., 1987).  To compensate for the lesser transposase 
activity, we scored viability defects in a background with increased numbers of P elements, 
which would result in more cells experiencing at least one excision.  We used the snw allele, 
which contains two P elements in the 5’UTR of sn (Banga et al., 1991) and the original P{wa} 
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element as three sources of excision.  Wild-type, mei-41, and CycA and/or CycB 
heterozygotes were also tested in this background for comparison. 
 
P{wa} assay   
Crosses for the P{wa} assay are described by Adams, et al.  (2003) and McVey, et al.  
(2004a).  Briefly, single males of each genotype containing P{wa} and the P{ry+, Δ2-3}(99B) 
transposase source on chromosome 3 were crossed to four y w P{wa} virgin females, and 
female progeny without transposase were scored for eye color.  To compensate for changes 
in P{wa} excision rates (see results section for details), we repeated each experiment 2-4 
times for each genotype.  Rates of completed SDSA were determined by the number of 
completed SDSA events (red-eyed progeny) out of total repair events (red- and yellow-eyed 
progeny).  Weighted averages were applied to compensate for changes in sample size 
between experiments.  Standard deviation was determined by the weighted averages of the 
percent of progeny showing completed SDSA.  Aberrant repair products recovered in 
yellow-eyed females were analyzed in white-eyed sons of these females.  To ensure that 
independent events were analyzed, only one such female was used from each cross vial. 
 
Molecular analysis of aberrant repair   
Repair synthesis tract lengths were determined as described in Adams, et al. (2003).  
Genomic DNA was prepared from single male flies containing the aberrant repair product 
derived from experiments using the H{w+, Δ2-3}Hop2.1 transposase source, located on a 
CyO balancer chromosome.  PCR reactions contained 10 mM Tris-HCl pH 9.0, 50 mM KCl, 
2.5 mM MgCl2, 0.1% Triton X-100, 1.25 μM of each primer, 250 μM each dNTP, 2 μl of the 
genomic DNA prep and Taq DNA in a 20 μl volume.  PCR products were analyzed by 
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agarose gel electrophoresis followed by ethidium bromide staining.  Positive and negative 
controls were included in each set of reactions. 
 
SSA assay 
Males that were wild type or mutant for mei-41, grp, and/or lok, carried the SSA 
transgene (Rong and Golic, 2000), and heat-shock inducible I-SceI enzyme were heat-
shocked at 38o for one hour to induce DSBs in germline and somatic tissues.  Individual 
males were then crossed to wild-type females, and progeny were scored for SSA events 
based on red (no SSA) or white (repair through SSA) eye color. 
 
Sequencing of mutations 
The grp coding region was sequenced for changes in grpZ5170.  Individual flies 
homozygous for the mutation were homogenized and PCR was performed using gene-
specific primers.  PCR products were isolated using gel-electrophoresis, purified, and 
sequenced directly.  The mutation was confirmed by sequencing the opposite strand.  The 
genomic loci of grp209 and lok30 alleles were similarly sequenced to identify deletion 
breakpoints of the excision event. 
 
Checkpoint assay 
We employed a well-established assay to determine defects in DNA damage 
checkpoints in mitotically dividing cells in imaginal discs after IR (Bi et al., 2005a; Brodsky et 
al., 2004; Jaklevic and Su, 2004; Xu et al., 2001). Briefly, third-instar larvae were 
unirradiated or irradiated with either 500 or 4000 rads of γ-rays using a Gammator 50 
irradiator, then kept at 25o for one hour.  Imaginal discs were dissected in Ringer’s solution 
and fixed in 4% formaldehyde and PBS with 0.1% Triton-X (PBT).  Discs were washed and 
blocked in PBT with 5% bovine serum (BSA).  Discs were incubated with 1:1000 dilution of 
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rabbit anti-phospho-Histone H3 antibody (Upstate Technologies) in PBT overnight at 4o.  
Discs were incubated for two hours at room temperature with 1:1000 secondary goat anti-
rabbit rhodamine-conjugated antibody (Molecular Probes), stained with 10 μg/mL DAPI in 
PBT and mounted with Flouromount-G (Southern Biotechnology Associates, Inc.).  Discs 
were visualized using TRIT-C filter of a Nikon Eclipse E800 fluorescent microscope.  
 
Supplemental Data 
Excision and repair of P{wa} was used in multiple experiments of each genotype to 
test for defects in SDSA (illustrated in Figure 3.2).  In the first experiment, excision rates of 
wild type and mei-41 were similar (compare wild-type experiment 1 and mei-41 experiment 1 
in Supplemental Table 3.1). However, as we repeated the experiments, the excision rate 
increased in wild-type, lok, grp, and grp lok double mutants.  In contrast, the chromosome 
used for mei-41 experiments did not see an increase in excision rates (see mei-41 
experiments 2 and 3). Although the overall excision rates changed from earlier experiments, 
the ratio of the repair events (% red vs. % yellow) did not change. Consequently, we 
presented the data in Figure 3.2 as the average percentage of SDSA events (red eyes) out 
of all informative repair events (red and yellow eyes); we also excluded the uninformative 
apricot-eye class (see text). The values of all three classes of individual experiments used to 
calculate the data in Figure 3.2 are shown in Supplemental Table 3.1. 
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Genotype: wild type mei-41 
Experiment: 1 2 3 4 1 2 3 
apricot 2366 3311 2661 2075 2640 2224 1402 
red 97 169 172 114 41 19 10 
yellow 108 206 215 135 122 82 35 
total n 2517 3686 3048 2324 2803 2325 1465 
Genotype: grp lok   grp lok 
Experiment: 1 2 1 2 1 2 3 
apricot 2234 1834 2402 1709 3017 2242 1360 
red 111 110 85 77 123 128 63 
yellow 117 161 131 117 257 290 103 
total n 2461 2105 2618 1903 3397 2660 1526 
Genotype na % eyes with SDSAb 
# SDSA 
clones/eyec 
wild-type 326 98.8 3.86 (+/- 1.5) 
mei-41 266 9.0 0.11 (+/-0.37) 
mei-41; cycA/+ 236 22.9** 0.36 (+/- 0.67)*** 
mei-41; cycB/+ 206 16* 0.18 (+/- 0.45) 
a n is the number of eyes of males of indicated genotype containing P{wa} and transposase 
(see Materials and Methods). 
b equals percentage of eyes with at least one red clone (indicative of SDSA) 
c average number or red clones/eye, numbers in parentheses are standard deviation  
* Value is significantly different from mei-41 (p < 0.05); all values significantly different from   
wild type (p <0.0001) using Fisher’s exact test. 
** Value is significantly different from mei-41 (p < 0.0001) using Fisher’s exact test. 
*** Value is significantly different from mei-41 (p < 0.0001) using unpaired t test with Welch’s 
correction. 
Supplemental Table 3.2. Frequency of complete SDSA clones in adult eyes
Supplemental Table 3.1.  Eye color of progeny representing germline 
repair events in checkpoint-defective mutants 
  
 
 
CHAPTER IV 
ROLE OF DROSOPHILA ATR IN RESPONSE TO REDUCING LEVELS OF POLα1 
 
Introduction 
Eukaryotic cells constantly experience exogenous DNA damage from the 
environment as well as endogenous damage that occurs during DNA metabolism and 
replication. An inability to respond to either type of damage can result in genomic instability 
and loss of genetic material.  To maintain genomic stability, cells have developed 
mechanisms to respond to DNA damage and/or incomplete replication. Maintenance of 
genome stability can be accomplished by coupling replication and repair with cell cycle 
regulation via the DNA damage checkpoint pathway.  In this pathway, sensors recognize 
incomplete replication and/or DNA damage and then stimulate a variety of responses, 
including phosphorylation of downstream transducers.  These transducers then activate or 
inactivate effectors that directly affect cell cycle progression, resulting in cell cycle arrest, 
presumably to allow time to complete replication or repair the damage (reviewed in Sancar 
et al., 2004). 
ATM (for ataxia telangiectasia mutated) and ATR (for ATM and Rad3 related) are 
two kinases that mediate the DNA damage checkpoint in response to incomplete replication 
and DNA damage. These kinases are highly conserved and required for G1-S, intra-S and 
G2-M checkpoint responses (reviewed in Sancar et al., 2004; reviewed in Shiloh, 2003). 
ATM and ATR function upstream of conserved transducers of the checkpoint response, 
Chk1 and Chk2.  In mammals, ATM primarily phosphorylates Chk2 in response to damage  
1This work has been previously published (LaRocque et al., 2007a). 
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that results in double-strand breaks (DSBs) (Canman et al., 1998). In contrast, ATR primarily 
activates Chk1 in response to incomplete replication and/or damage that results in ssDNA 
(Cliby et al., 1998; Das and Dashnamoorthy, 2004; Unsal-Kacmaz et al., 2002; Wright et al., 
1998).  Although there is some functional overlap of these kinases and the transducers of 
the checkpoint response, the ATR/Chk1 pathway is primarily responsible for the intra-S 
checkpoint (Boddy et al., 1998; Chen and Sanchez, 2004; Helt et al., 2005; reviewed in 
Sancar et al., 2004; Sanchez et al., 1996).  
 Many studies have characterized DNA damage response pathways using exogenous 
sources of damage, such as hydroxeurea, UV, ionizing radiation, and alkylating agents.  
However, it is presumed that the most common type of damage that a cell must respond to 
is endogenous, such as lesions that occur during replication and regular DNA metabolism 
(Bishop et al., 2000; Frosina, 2000; Lindahl, 1993).  Evidence from model organisms 
indicates that orthologs of ATR have important roles in responding to endogenous damage.  
ATR-deficient mouse cells accumulate spontaneous chromosomal breaks (Brown and 
Baltimore, 2003).  Similarly, Saccharomyces cerevisiae mutants lacking the ATR ortholog 
Mec1 have elevated rates of gross chromosomal rearrangements (Cobb et al., 2005) as well 
as spontaneous DNA breaks that map to replication slow zones (Cha and Kleckner, 2002).  
These results demonstrate the need to further understand how ATR responds to 
endogenous damage that occurs during DNA synthesis. 
The role of ATR in response to endogenous damage has been investigated in 
multiple organisms by examining interactions between checkpoint proteins and components 
of the replication machinery, especially DNA polymerase α (Polα) (reviewed in Foiani et al., 
1997).  Initiation of replicative DNA synthesis begins with formation of an RNA primer by 
primase.  Polα forms a complex with primase, and is responsible for synthesizing the initial 
DNA extension from that primer.  Thus, Polα is required to initiate both leading-strand and 
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lagging-strand synthesis; Polα, however, is required continuously for lagging-strand 
synthesis, as every Okazaki fragment initiates with an RNA primer.  In S. cerevisiae, Polα is 
stabilized in a Mec1-dependent manner after treatment with replication inhibitor hydroxyurea 
(HU) (Cobb et al., 2003), and decreasing expression of the catalytic subunit of Polα by 90% 
in a mec1 mutant results in increased genomic instability (Lemoine et al., 2005). In 
Schizosaccaromyces pombe, temperature-sensitive mutants of polα cause activation of 
Chk1 (Bhaumik and Wang, 1998; D'Urso et al., 1995).  In Xenopus laevis, uncoupling of 
helicase and polymerase activity during replication results in Polα-dependent activation of 
Chk1 (Byun et al., 2005; Cortez, 2005).  These results reveal a conserved genetic 
interaction between DNA Polα and the ATR-mediated damage response. 
 Drosophila ATR, encoded by mei-41, is the primary kinase required for the 
checkpoint response after DNA damage during all phases of the cell cycle (Bi et al., 2005a; 
Brodsky et al., 2000b; Garner et al., 2001; Hari et al., 1995; Jaklevic and Su, 2004; 
LaRocque et al., 2007b; Sibon et al., 1999).  mei-41 mutants are sensitive to a wide range of 
agents that damage DNA or inhibit DNA replication, including ultraviolet light, methyl 
methanesulfonate, and HU (Boyd et al., 1976; Sibon et al., 1999).  As in mice and S. 
cerevisiae, mei-41 mutants have an elevated frequency of spontaneous chromosome 
breaks (Baker et al., 1980; Banga et al., 1986; Gatti, 1979). 
To learn more about the role of the ATR-mediated cell cycle checkpoint in 
responding to replication defects, we genetically reduced Polα in mei-41 mutants.  This 
resulted in P53-dependent apoptosis, increased genomic instability, and P53-dependent 
morphological defects.  Our data also suggest that cell cycle regulation by DmATR is the 
major component of this interaction, although loss of the Chk1- and Chk2-dependent 
checkpoint cannot completely account for the defects. 
 
Results 
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Enhancer of mus304 is an allele of DNApol-α180. 
A previously published study reported a spontaneous mutation that interacts 
genetically with mei-41 and mus304, which encodes the ortholog of ATR-IP (Brodsky et al., 
2000b).  This mutation, referred to as Enhancer of mus304, is homozygous embryonic 
lethal, but when heterozygous in mei-41 or mus304 mutants it results in a rough-eye 
phenotype.  The Enhancer of mus304 mutation was mapped to region 93F on the third 
chromosome (Brodsky et al., 2000b).  We further mapped Enhancer of mus304 (see 
Materials and Methods) to a region that includes DNApol-α180, which encodes the catalytic 
subunit of Polα.  We sequenced the DNApol-α180 coding region from the mutant 
chromosome and found a deletion of a single base pair in the third exon, at codon 301 
(Figure 4.1).  This deletion results in a frame shift and a premature stop 29 codons 
downstream. 
To confirm that the interaction with mei-41 is due to a mutation in DNApol-α180, we 
conducted a mutagenesis screen to identify mutations that generated rough eyes when 
Figure 4.1.  Enhancer of mus304 is an allele of DNApol-α180.  E(mus304) was roughly mapped and 
predicted to be a mutation in DNApol-α180 (see Materials and Methods).  Sequencing of this region 
confirmed a loss of an ‘A’ in the third exon at codon 301, resulting in a frame shift and a premature 
stop 29 codons downstream.  An EMS mutagenesis and screen for mutations conferring rough eyes 
in mei-41 mutants resulted in two new alleles (see Materials and Methods); both were nonsense 
mutations in glutamine codons resulting in premature stop codons.  Shaded boxes are coding 
exons.  Mutations are marked with asterisks. 
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heterozygous in a mei-41 mutant (see Materials and Methods).  Two new alleles of 
DNApol-α180 were recovered (Figure 4.1), both of which are nonsense mutations at 
glutamine codons (1132 and 1322).  Heterozygosity for any of these alleles, or for a deletion 
of this region, confers a rough-eye phenotype to mei-41 mutants.  We conclude that 
reducing the dosage of DNApol-α180 (hereafter referred to as polα) by half is sufficient to 
cause a developmental defect in mei-41 mutants.   
 
Reducing Polα in mei-41 mutants causes an increase in cell death. 
 The Drosophila compound eye comprises about 800 ommatidia, each of which has a 
precise number of cells in an identical arrangement, resulting in a smooth appearance.  The 
correct number of cells results from a carefully orchestrated sequence in which some cells 
differentiate and others undergo cell death (reviewed in Bonini and Fortini, 1999).  Because 
of this, eye development is highly sensitive to changes in cell survival.  For example, 
overexpression of P53, which is required for DNA damage-induced apoptosis, disrupts 
formation of an ordered array of ommatidia, resulting in eyes with a rough appearance (Lee 
et al., 2003; Ollmann et al., 2000).  Other mutations show a correlation between increased 
apoptosis and rough eyes.  Temperature-sensitive mutations in the tefu gene, which 
encodes Drosophila ATM, cause both rough eyes and increased apoptosis in imaginal discs 
(Silva et al., 2004). 
To determine whether mei-41 mutants that are heterozygous for a polα mutation 
have increased apoptosis in proliferating imaginal disc cells, we quantified the number of 
apoptotic cells per imaginal wing disc, using an antibody raised against human activated 
caspase-3, a conserved effector caspase that is cleaved and subsequently activated during 
apoptosis (reviewed in Van Lancker, 2006).  The human cleaved caspase-3 antibody also 
recognizes Drosophila cells undergoing DNA damage-induced apoptosis (Giraldez and 
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Cohen, 2003).  The average number of apoptotic cells was increased four-fold in mei-41 
mutants compared to wild-type larvae (p < 10-5; Figure 4.2A and C).  A similar increase was 
also seen in mus304 mutants (p < 10-5; data not shown).  Heterozygosity for a polα mutation 
did not increase apoptosis by itself (p = 0.08), but led to a further increase in mei-41 mutants 
(p < 10-5 for mei-41; polα/+ compared to mei-41 alone; Figure 4.2A and C).  Similar results 
Figure 4.2.  Reducing Polα in mei-41 mutants results in a variety of phenotypes. (A) Wing discs 
of third-instar larvae were dissected, fixed and stained with an antibody to cleaved human 
caspase 3, marking apoptotic cells.  (B) As shown previously (Brodsky et al., 2000b), mei-41; 
polα/+ mutants have a rough eye phenotype that includes fused ommatidia and tissue loss.  
mei-41 mutants are indistinguishable from wild type and are used for comparison.  This rough 
eye phenotype of mei-41; polα/+ mutants was rescued by eliminating P53. (C) Quantification of 
apoptosis phenotype demonstrated in (A). mei-41 mutants had an increase in apoptosis 
compared to wild type (p < 10-6), and this was quantitatively more severe when Pol α was 
reduced (p < 10-4 when compared to mei-41). Mutations in p53 restored apoptosis to the levels 
seen in mei-41 single mutants (p = 0.19 compared to mei-41). 
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were seen in other imaginal discs and when staining with the vital dye acridine orange (data 
not shown).  These observations show that reducing Polα in mei-41 or mus304 mutants 
causes increased apoptosis in proliferating tissues.  Most imaginal tissues can compensate 
for increased cell death through increased proliferation, so development of most adult 
appendages appears to be unaffected.  The compound eye, however, is exquisitely 
sensitive to changes in cell survival; as a result, the rough-eye phenotype serves as a 
unique phenotype in these mutants and suggests a correlation with cell death and 
developmental defects in the adult eye. 
 
The increased apoptosis and rough-eye phenotypes of mei-41; polα /+ mutants are 
P53-dependent. 
As noted earlier, previous studies suggest a correlation between P53-dependent 
apoptosis and eye development; overexpression of P53 results in a rough-eye phenotype 
(Lee et al., 2003; Ollmann et al., 2000), similar to that observed in mei-41 mutants when 
Polα is reduced (Brodsky et al., 2000b); Figure 4.2B}.  We hypothesized that reducing Polα 
in mei-41 mutants elicits a P53-dependent apoptotic response, leading to a rough eye 
phenotype.  To test this hypothesis, we eliminated P53 expression in these mutants.  Loss 
of P53 in mei-41; polα /+ mutants completely rescued the rough-eye phenotype (Figure 
4.2B) and restored the level of apoptosis to that seen in mei-41 single mutants (Figure 4.2A 
and C).  Together, these data suggest that reducing Polα results in damage that elicits a 
MEI-41-dependent DNA damage response.  In the absence of MEI-41, proliferating cells 
with reduced Polα undergo P53-dependent apoptosis, resulting in cell death and mis-
regulated development of the adult eye. 
  
mei-41; polα/+ mutants have increased genomic instability. 
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 An inability to respond to spontaneous damage leads to increased genomic 
instability in mei-41 and mus304 mutants (Baker et al., 1978; Brodsky et al., 2000b; Gatti, 
1979).  One manifestation of genomic instability is increased loss of heterozygosity (LOH); 
both mei-41 and mus304 mutants have increased LOH at the multiple wing hair (mwh) locus 
(Baker et al., 1978; Brodsky et al., 2000b).  We tested whether decreasing Polα in mei-41 
mutants results in a further increase in LOH frequency.  We found an increase in LOH in 
mei-41 mutants relative to wild-type (p < 10-5; Figure 4.3), as shown previously.  There was 
no increase in polα/+ mutants relative to wild-type (p =0.83), but heterozygosity for pol α 
resulted in an increase in LOH in mei-41 mutants (p < 10-5, relative to mei-41 single 
mutants).  
LOH can result from many mechanisms, including chromosome loss, deletions, 
spontaneous mutations, as well as mitotic crossing over (reviewed in Pâques and Haber, 
1999).  We quantified the frequency of mitotic crossovers between two markers on the third 
chromosome, ebony (e) and scarlet (st).  Mitotic crossovers that occur in pre-meiotic 
germline cells are scored in progeny of males.  As seen in wild-type, mei-41 and polα/+ 
Figure 4.3.  Reducing Polα in mei-41 
mutants results in increase of loss of 
heterozygosity (LOH).  The mwh locus is 
located on the left tip of the third 
chromosome.  mwh mutant flies have 
multiple hairs from each hair cell of the adult 
wing, and mwh/+ flies are phenotypically 
normal.  LOH at mwh will result in clones of 
cells with multiple hairs per cell (circled).  
Individual adult wings were scored for mwh 
clones.  Bars represent average number of 
clones/wing, and lines are standard deviation 
based on 10-20 wings per genotype.  
Significance was determined by an unpaired 
t test with Welch’s correction 
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mutants completely lacked mitotic crossovers between these markers. In contrast, when 
Polα was reduced in mei-41 mutants, there was a significant increase in the frequency of 
mitotic crossovers (p < 0.05; Table 4.1).  This suggests that a subset, if not all, of the 
increased LOH observed at the mwh locus can be attributed to an increase in mitotic 
crossovers. 
 
Phenotypes manifested in mei-41; polα/+ mutants can be rescued by reducing mitotic 
cyclins. 
 We hypothesize that reducing Polα levels elicits a DNA damage response, due to 
either slowed and/or incomplete replication or to uncoupling of leading and lagging strand 
synthesis.  We propose that this collective replication stress requires a MEI-41-dependent 
checkpoint response to regulate cell cycle progression, perhaps by giving enough time to 
complete replication before entry into mitosis.  To test this hypothesis, we sought bypass the 
requirement for MEI-41 by delaying entry into mitosis through other means. Reducing the 
maternal contribution of the mitotic cyclins, Cyclin A and Cyclin B, slows early embryonic cell 
cycle progression (Edgar et al., 1994).  Reducing Cyclin A and Cyclin B also bypasses the 
requirement for MEI-41 in regulating the midblastula transition during early embryonic 
development (Sibon et al., 1999), and rescues the sensitivity of mei-41 mutants to P 
___________________________________________________________________________________ 
Table 4.1. Mitotic crossovers between ebony and scarlet 
_______________________________________________________________ 
Genotype  n % crossovers 
_______________________________________________________________ 
           wild type           3594             0 
            polα/+           3721             0 
            mei-41           3825             0 
                     mei-41; polα/+           3073        0.16 (5)a,b 
_______________________________________________________________ 
    a p < 0.05 compared to all other genotypes  
    b number in parentheses is number of progeny with crossover 
___________________________________________________________________________________ 
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element excision (LaRocque et al., 2007b). We attempted to rescue the rough-eye 
phenotype in mei-41; polα/+ mutants by reducing Cyclin A and/or Cyclin B.  Cyclin B 
reduction partially rescued this phenotype, and reducing Cyclin A (or both Cyclin A and 
Cyclin B) completely rescued the rough-eye phenotype, resulting in eyes that were 
indistinguishable from those of mei-41 mutants or wild-type flies (Figure 4.4A).  We then 
asked if we could rescue the increased-apoptosis phenotype by reducing mitotic cyclins.   
Figure 4.4. Reducing 
mitotic cyclins rescues 
the rough eye phenotype 
and apoptosis of mei-41; 
polα/+ mutants.  (A) The 
rough-eye phenotype of 
mei-41; polα/+ mutants 
is partially rescued by 
reducing CycB and 
completely rescued 
when CycA is reduced. 
(B) and (C)  The 
apoptosis phenotype 
observed in mei-41; 
polα/+ mutants is 
rescued by reducing 
CycA. Samples were 
prepared and scored as 
described in Figure 4.2.  
Bars represent averages 
of 7-10 imaginal wing 
discs per genotype, and 
lines represent standard 
deviations.  Significance 
was determined by 
unpaired t test with 
Welch’s correction.  
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Similar to the rescue of the rough-eye phenotype, reducing Cyclin A in mei-41; polα/+ 
mutants rescued levels of apoptosis that were indistinguishable from mei-41 single mutants 
(p = 0.14) or mei-41; CycA /+ mutants (p = 0.54; Figure 4.4C).  These data demonstrate that 
mitotic cyclin reduction is capable of suppressing both apoptosis and rough eyes, supporting 
the idea that reducing Polα elicits a damage response that requires the checkpoint function 
of MEI-41 to regulate cell cycle progression. 
 
Loss of the GRP/LOK-mediated checkpoint accounts for a degree of the phenotypes 
observed in mei-41; polα / + mutants. 
Rescue of rough eyes and apoptosis by mitotic cyclin reduction suggests that cell 
cycle regulation contributes to the phenotypes we have reported here.  To further test this 
hypothesis, we examined the effects of Polα reduction on loss of Chk1 and Chk2, which 
have partially redundant roles in mediating the DNA damage checkpoint response in 
mammals (Boddy et al., 1998; Chen and Sanchez, 2004; Helt et al., 2005; reviewed in 
Sancar et al., 2004; Sanchez et al., 1996).  The Drosophila orthologs of Chk1 and Chk2 are 
encoded by grp and lok, respectively. Like mei-41 mutants, grp lok mutants are completely 
defective in the replication and damage checkpoints (Brodsky et al., 2004; de Vries et al., 
2005; Jaklevic and Su, 2004; LaRocque et al., 2007b; Masrouha et al., 2003; Royou et al., 
2005; Su et al., 1999; Yu et al., 2000). 
 We first examined grp and lok mutants for the rough eye phenotype conferred by 
heterozygosity for a polα mutation.  The eyes of lok; polα/+ flies were indistinguishable from 
those of wild-type flies (Figure 4.5A).  In contrast, grp; polα/+ mutant males had a rough-eye 
phenotype, but females had wild-type eyes.  In grp lok; polα/+ mutants, both males and 
females exhibited rough eyes; however, the phenotype was still not as severe as that of 
mei-41; polα/+ mutants.  We also measured the effects of grp and lok mutations on 
apoptosis.  Neither the single mutants (grp or lok) nor grp lok double mutants had the 
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elevated levels of apoptosis observed in mei-41 mutants (Figure 4.5B).  However, lok; 
polα/+ mutants had a slight increase in apoptosis compared to wild type (p < 0.05), and grp; 
polα/+ and grp lok; polα/+ mutants had a more substantial increase compared to wild type (p 
< 10-4).  Interestingly, the levels of apoptosis in these mutants were not as high as in mei-41; 
polα/+ mutants (p < 10-4).  These data demonstrate that the Chk1/Chk2-meditated 
checkpoint function of MEI-41 plays an important role in response to reducing Polα. The 
intermediate phenotypes, however, suggest that loss of this checkpoint cannot completely 
Figure 4.5. 
Analysis of grp 
and lok mutants 
when Polα is 
reduced.  (A) 
While eyes of lok; 
polα/+ mutants are 
indistinguish-able 
from those of wild-
type flies, grp 
single mutants and 
grp lok double 
mutants have 
rough eyes when 
Polα is reduced.  
(B) and (C) lok; 
polα/+ have only a 
slight increase in 
apoptosis  
compared to wild type (p < 0.05) whereas grp; polα/+ and grp lok; polα/+ mutants have a greater 
increase in apoptosis (p < 10-4) but are not significantly different from each other (p = 0.16).  
Samples were prepared as described in Figure 4.2.  Bars represent averages of 7-14 imaginal 
wing discs per genotype, and lines represent standard deviations.  Significance was determined 
by unpaired t-test with Welch’s correction.  
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account for the severity of mei-41; polα/+ mutants. 
 
Discussion 
 We have shown here that genetically reducing Polα levels by only half in mei-41 
mutants results in increased P53-dependent apoptosis, rough eyes, and genomic instability, 
including elevated mitotic crossing over.  Reducing mitotic cyclin levels rescues at least 
some of these phenotypes, supporting the idea that loss of MEI-41-dependent cell cycle 
regulation contributes greatly to the defects. However, the GRP/LOK-mediated checkpoint 
does not account for the severity of phenotypes observed in mei-41 mutants.  We suggest 
here that reducing Polα results in P53-inducing damage, such as incomplete replication, 
stalled replication forks, or uncoupling of leading and lagging strand synthesis.  Surviving 
this “replication stress” requires the checkpoint function of MEI-41 to maintain 
developmental processes, cell survival and genomic stability. 
 Reducing Polα alone does not cause any detectable defects, which suggests that the 
damage caused by reducing Polα in an otherwise wild-type background is relatively mild.  It 
is possible that the defects we observed are an additive effect of defects in mei-41 mutants 
that we did not detect in polα /+ flies.  A more likely explanation is that MEI-41 function is 
exceptionally important in responding to the very low level of endogenous damage that 
results from reducing Polα.  This interpretation is consistent with our previous finding that 
mei-41 mutants have reduced viability when a single P element is undergoing transposition 
during development (LaRocque et al., 2007b). 
If the damage resulting from reducing Polα requires the checkpoint response of MEI-
41, it should elicit a checkpoint response in animals that are wild-type for mei-41.  We were 
not able to detect either the S-phase or G2-M checkpoint when Polα is reduced in an 
otherwise wild-type background (data not shown).  It has been difficult to detect S-phase 
checkpoints in Drosophila, but there is one report (Jaklevic and Su, 2004) of a MEI-41-
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dependent S-phase checkpoint after 1600 rads of irradiation.  In contrast, a robust G2-M 
checkpoint can be detected after irradiation with as little as 500 rads (LaRocque et al., 
2007b).  In these assays, a single dose of irradiation is administered to third-instar larvae, 
resulting in relatively synchronous induction of damage.  Unlike treatment with irradiation, 
genetic reduction of Polα results in depletion of Pol α throughout development, so it may be 
difficult to detect cells undergoing a checkpoint response.  
 Reducing other components of the Polα complex did not result in rough eyes in mei-
41 mutants.  These included the primase subunit (DNAprim), and the 50 kD and the 73 kD 
subunits of Polα (data not shown).  We also reduced levels of other replicative polymerases 
and components of replication, using null alleles and/or deficiencies of DNApol-δ, DNApol-ε, 
E2f, and mus209, which encodes PCNA.  None of these manipulations caused rough eyes 
in mei-41 mutants.  It is possible that there is an unknown function of Polα responsible for 
the interactions with MEI-41. Alternatively, as polα-180 mutants are embryonic lethal, the 
reported lethal phenotypes of DNAprim, E2f, and PCNA null mutants include survival to at 
least 1st-instar larvae (Chen et al., 2000; Henderson et al., 2000; Royzman et al., 1997). The 
180 kD catalytic subunit therefore may be the limiting factor of the primase complex and that 
reduction of this subunit, as observed with embryonic lethality, has a more profound effect 
on replication than reducing other components of the replication machinery. 
 Previous work has demonstrated a link between increased apoptosis and rough eye 
phenotypes (Lee et al., 2003; Ollmann et al., 2000; Silva et al., 2004).  We therefore tested 
imaginal discs to see whether or not there was an increase in apoptosis that could 
presumably lead to rough eyes.  We found a strong correlation between rough eyes and an 
increase in apoptosis: genotypes that had rough eyes also had an increase in apoptosis, 
and reducing the number of apoptotic cells also rescues rough-eye phenotypes (mei-41; 
CycA/polα).  We directly tested whether eye development was dependent on P53-mediated 
apoptosis and found that eliminating P53 completely rescues both apoptosis and the rough 
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eye phenotype.  Some genotypes that had an increase in apoptosis compared to wild type 
did not result in rough eyes: mei-41 single mutants, mus304 single mutants, and grp; polα/+ 
mutant females (data not shown).  Overall, however, we found strong correlation between 
two dramatic phenotypes associated with mutants in cell cycle regulation and reducing Polα. 
 Reducing mitotic cyclin levels rescued the rough eye phenotype and increased 
apoptosis of mei-41; polα /+ mutants.  We propose that reducing cyclins slows cell cycle 
progression and therefore eliminates the need for MEI-41 checkpoint function to respond to 
damage induced by reducing Polα.  We do not know the effects of cyclin reduction on cell 
cycle timing in proliferating cells of imaginal discs, but reducing cyclins does affect cell cycle 
timing during embryogenesis (Crest et al., 2007; Edgar et al., 1994) and ameliorates DSB 
repair defects of mei-41 mutants (LaRocque et al., 2007b).  It is possible that mitotic cyclin 
reduction has no effect on response to DNA damage, but contributes to proper 
development, thereby affecting developmentally controlled apoptosis in imaginal discs and 
the adult eye development in mei-41; polα/ + mutants. Because of an inability to directly test 
this possibility, we cannot exclude it. However, this suggestion is unfavorable as we have 
demonstrated that the apoptosis and rough-eye phenotypes are P53-dependent.  P53 is 
required only for damage-induced apoptosis and not required for developmentally-regulated 
programmed cell death (Brodsky et al., 2004; Jaklevic and Su, 2004; Lee et al., 2003) this 
study), supporting the idea that reducing Polα specifically elicits a DNA damage response. 
 The interactions between grp, lok, and polα suggest varying contributions of GRP 
and LOK to the phenotypes reported here.  The lok; polα /+ mutants were indistinguishable 
from wild type in eye development and had only slight increases in apoptosis.  In contrast, in 
grp; polα /+ and grp lok; polα /+ mutants, there was a dramatic increase in apoptosis.  These 
genotypes differed from one another in that only males had rough eyes in the grp; polα /+ 
mutants, but both sexes had rough eyes in the grp lok; polα/+ mutants.  We conclude that 
the majority of the phenotypic effects of reducing Polα in these checkpoint mutants can be 
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attributed to the GRP-mediated checkpoint, but there does appear to be some redundancy 
between GRP and LOK in the damage response pathway.  Similar partial redundancy has 
been demonstrated in other systems (Boddy et al., 1998; Chen and Sanchez, 2004; Helt et 
al., 2005; reviewed in Sancar et al., 2004; Sanchez et al., 1996) as well as in the checkpoint 
response in Drosophila (Brodsky et al., 2004; LaRocque et al., 2007b; Xu et al., 2001) and 
in repair of DSBs induced through P-element excision (LaRocque et al., 2007b).  
Loss of both GRP and LOK did not produce defects as severe as those observed 
when MEI-41 was absent.  We conclude that the GRP/LOK-mediated checkpoint cannot 
completely account for the defects seen in mei-41; polα/+ flies.  This suggests that there is a 
role of MEI-41 that is independent of the GRP/LOK-mediated checkpoint in response to 
reducing Polα. Studies in mammalian cells suggest a checkpoint-independent role for 
mammalian ATM kinases in DNA repair (reviewed in Jeggo et al., 1998; Jeggo and Lobrich, 
2006; Lobrich and Jeggo, 2005; O'Driscoll and Jeggo, 2006).  We previously showed that 
mei-41 mutants are more sensitive to P-element excision and have more severe defects in 
HR repair compared to grp lok double mutants (LaRocque et al., 2007b), and Jaklevic and 
Su (2004) found that mei-41 mutants are killed by doses of IR that are not lethal to grp 
mutants, even though both mutants are defective in the IR-induced G2-M checkpoint.  
Lastly, Oikemus et al. (2006) found that both spontaneous and IR-induced chromosome 
breaks were increased in mei-41 mutants but not in grp lok double mutants, suggesting that 
MEI-41 has a role in preventing chromosome breaks that is independent of GRP and LOK. 
Despite numerous observations that MEI-41 has GRP/LOK-independent functions in 
response to DNA damage, it is possible that the MEI-41-mediated checkpoint is not 
completely eliminated in grp lok mutants and that there is an unidentified transducer of the 
checkpoint pathway.  We and others have not been able to detect a G2-M checkpoint after 
IR in grp lok mutants (Brodsky et al., 2004; LaRocque et al., 2007b; Liu et al., 2000; Xu et 
al., 2001), consistent with studies in other model organisms that indicate that ATR/ATM-
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dependent DNA damage checkpoints are transduced entirely through Chk1 and Chk2 
(Boddy et al., 1998; Chen and Sanchez, 2004; reviewed in Sancar et al., 2004; Sanchez et 
al., 1996).  We therefore favor the alternative hypothesis that MEI-41 has some role 
independent of its checkpoint function in response to damage caused by reducing Polα. 
In conclusion, we have identified an interaction between regulators of the cell cycle 
and a component of replication machinery.  These interactions are necessary for proper 
development of adult organs, maintaining genomic stability, and regulation of cell survival.  
This study reveals a checkpoint-dependent response that occurs when Polα is reduced, 
suggesting importance for development and cell survival in responding to endogenous 
damage that occurs during normal DNA metabolism.  Previous work in fungi and humans 
highlights a role for ATR orthologs in maintaining fragile site stability in response to slowing 
replication by aphidicolin treatment or genetically reducing Polα (Casper et al., 2002; 
Lemoine et al., 2005).  Additionally, work in Xenopus has demonstrated that uncoupling of 
DNA polymerases from MCM helicase via aphidicolin treatment (Walter and Newport, 2000), 
cis-platinum treatment or UV irradiation (Byun et al., 2005) activates the ATR-dependent 
checkpoint.  While most checkpoint studies rely on exogenously induced damage, our 
findings reveal the importance of an ATR-mediated checkpoint in responding to relatively 
mild endogenous defects.  The results reported here demonstrate yet another conserved 
interaction between cell cycle checkpoint response and replication machinery, two cellular 
processes that are integral for genomic stability and cell survival. 
 
Materials and Methods 
Drosophila stocks and genetics 
Flies were maintained on standard medium at 25oC.  The mei-41 mutant males were 
hemizygotes of mei-4129D (Laurencon et al., 2003).  The cyclin mutations used were 
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CycAC8LR1 (Sigrist and Lehner, 1997) and CycB2 (Jacobs et al., 1998).  The lok mutants 
used were homozygotes of lok30 and the grp mutants were trans heterozygotes of grp209 and 
grpZ5170 (LaRocque et al., 2007b). The p53 mutants used were p535A-1-4 (Rong et al., 2002). 
Reductions in Polα used the E(mus304) mutant chromosome (Brodsky et al., 2000b). 
Recombinants of E(mus304) and p535A-1-4 were made and verified using allele-specific PCR 
of both mutations and for presence of a rough-eye phenotype in mei-41 mutants.  
 
Mapping mutations in DNA pol-α180 
Recombination mapping between ebony and claret was used to confirm the 
published location of E(mus304) (Brodsky et al., 2000b) using the rough eyes in mei-41 
mutants as the phenotypic marker.  Deficiencies of the area surrounding and including 89D-
F were used to narrow down the location of the region down to 5 genes: E2f, CG31176, 
CG6353, CG15497, and DNApol-α180.  Two genes, E2f and CG31176, were excluded from 
consideration when mei-41 mutants failed to have a rough eye phenotype when 
heterozygous for these mutations.  The E(mus304) chromosome was sequenced for 
changes in polα.  Using GFP selection, genomic DNA was prepared from single embryos 
homozygous for E(mus304) and PCR was performed using gene-specific primers.  PCR 
reactions contained 10 mM Tris-HCl pH 9.0, 50 mM KCl, 2.5 mM MgCl2, 0.1% Triton X-100, 
1.25 μM of each primer, 250 μM each dNTP, 2 μl of the genomic DNA prep and Taq DNA 
polymerase in a 20 μl volume.  PCR products were isolated using gel-electrophoresis, 
purified, and sequenced directly.  The mutation was confirmed by sequencing the opposite 
strand. Mutations found from the EMS screen were confirmed this way as well. 
 
EMS mutagenesis 
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One- to three-day old males were fed 25 mM ethyl methanesulfonate (EMS, Fluka 
Chemika) in 1% sucrose on cotton pads overnight.  Males were then transferred to clean 
bottles for one day then crossed to mei-41/FM7 females in bottles.  To avoid screening 
progeny resulting from mutagenesis of pre-meiotic germline cells, males were discarded 
after five days.  F1 male progeny mutant for mei-41 were screened for rough eyes, indicative 
of a possible dominant autosomal mutation that interacts with the mei-41 mutation.  
Mutations that mapped to chromosome 3 were crossed to E(mus304), and those that failed 
to complement the homozygous lethality phenotype of E(mus304) were sequenced to find 
mutations in DNApol- α180. 
 
SEM imaging 
 Adult fly heads were fixed in phosphate-buffered saline (PBS) and 4% 
paraformaldehyde.  Samples were stored at 4o for several days before being dehydrated 
through a series of washes in increasing ethanol concentration, with a final rinse in 100% 
ethanol, and then prepped with assistance from the Microscopy Services Laboratory at 
UNC-Chapel Hill.  Samples were transferred in absolute ethanol to a Balzers CGD 020 
critical point dryer (Balzers Union, Ltd., Principality of Liechtenstein) and dried using liquid 
CO2 as solvent solution.  Heads were mounted and sputter coated with gold:palladium alloy 
(60:40) using a Hummer X Sputter Coater (Anatech, Ltd., Alexandria, VA).  Specimens were 
viewed on a Cambridge Stereoscan S200 scanning electron microscope (LEO Electron 
Microscopy, Inc., Thornwook, NY) using an acceleration voltage of 20 kV and working 
distance of 25 mm. 
 
Detecting apoptotic cells  
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Imaginal discs were dissected from third-instar larvae of appropriate genotypes in 
Ringer’s solution and fixed for 45 minutes in 4% formaldehyde and PBS with 0.1% Triton-X 
(PBT).  Discs were washed and blocked in PBT with 5% bovine serum (BSA).  Discs were 
incubated with 1:500 dilution of rabbit anti-human cleaved caspase-3 (Asp1175) antibody 
(Cell Signaling Technology, Inc.) in PBT overnight at 4oC.  Discs were incubated for two 
hours at room temperature with 1:1000 secondary goat anti-rabbit rhodamine-conjugated 
antibody (Molecular Probes) or secondary goat anti-rabbit fluorescein-conjugated antibody 
(Molecular Probes), stained with 10 μg/mL DAPI in PBT, and mounted with Flouromount-G 
(Southern Biotechnology Associates, Inc.).  Discs were visualized using TRIT-C and FIT-C 
filter of a Nikon Eclipse E800 fluorescent microscope.  Quantification was performed on 
images of 7-14 wing discs of each genotype.  Each disc was counted for the total number of 
caspase positive cells per disc to obtain an average.  Standard deviations were determined 
based on means, significance was computed using an unpaired t test with Welch’s 
correction using InStat statistical software. 
 
Genomic instability phenotypes 
LOH at mwh was detected as described by Brodsky, et al. (2000b).  Briefly, wings of 
appropriate genotype were dehydrated in isopropanol and mounted in 1:1 
methylsalicilate:Canada balsam (Sigma).  Each wing was viewed at 40X using the light filter 
of Nikon Eclipse E800 fluorescent microscope and scored for mwh phenotype. 10-20 wings 
were examined for each genotype to obtain an average rate of mitotic clones/wing.  
Standard deviations were determined based on averages; significance was computed using 
unpaired t test with Welch’s correction using InStat statistical software. 
To detect increases in mitotic crossovers, unbalanced single males of appropriate 
genotypes heterozygous for ebony and scarlet were crossed to ru h th st cu sr e Pr ca / 
TM6B females.  Crossovers between st and e in the pre-meiotic male germline were scored 
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in progeny of this cross.  Over 3000 progeny were scored for each genotype.  Significance 
was determined by analyzing a contingency table using chi-square approximation with Yates 
correction available through InStat statistical program. 
 
  
 
 
CHAPTER V 
GENERAL DISCUSSION AND FUTURE DIRECTIONS 
 
Response of DmATR to mild DNA damage 
 This body of work focused on the role of DmATR in response to two types of 
damage: a DSB induced by P excision and endogenous damage caused by reducing levels 
of Polα. We found that mei-41 mutants were sensitive in response to transposase-induced P 
excision, similar to previously published results (Banga et al., 1991). However, Banga, et al.  
found that mei-41 mutants were sensitive to excision of multiple P elements using a different 
transposase source.  Interestingly, we found that mei-41 mutants were sensitive to even a 
single DSB after excision of P{wa}. This is in contrast to sensitivity of DmRad51 mutants 
(spn-A). While these mutants are hypersensitive to IR, they are not sensitive to P excision 
(Figure 3.1). This is because spn-A mutants, although defective in HR repair, can respond to 
a single DSB by end-joining repair.  Sensitivity of mei-41 mutants to P excision suggests 
that in the absence of DmATR, SDSA repair is initiated, but cannot be completed. Unlike in 
spn-A mutants when the DSB is alternatively repaired by end joining, defects in SDSA repair 
in mei-41 mutants does no result in an increase in end-joining repair, suggesting a complete 
loss of the repair product. This highlights the importance of DmATR in response to a single 
DSB and suggests that the defects in repair in mei-41 mutants are so detrimental that loss 
of the repair product altogether is the only alternative response. 
  In addition to demonstrating the importance of DmATR to respond to even a single 
DSB, I have also shown that in the absence of DmATR, reductions in levels of Polα results 
in severe phenotypes, including developmental defects, an increase in P53-dependent cell 
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death, and an increase in genome instability.  However, flies with reductions of Polα in itself 
are indistinguishable from wild-type flies in all criteria examined and have no apparent 
defects.  Therefore, we suggest that reducing levels of Polα results in relatively mild 
endogenous damage. Despite our observation that reducing Polα has little effect on these 
processes in an otherwise wild-type background, loss of DmATR results in dramatic 
phenotypes demonstrated here. These data stress the importance of DmATR to respond to 
mild endogenous damage as well.   
 Many studies have demonstrated hypersensitivity of mei-41 mutants to a variety of 
exogenous damaging agents, such as HU, MMS, and IR (Boyd et al., 1976; Jaklevic and 
Su, 2004; Sibon et al., 1999). While high doses of these agents may result in excessive 
damage, this work hallmarks the importance of DmATR in responding to two different types 
of relatively mild damage- both DSBs and endogenous replication stress.  As suggested by 
Bi, et al. (2005a), milder DNA damage may be more physiologically relevant to the damage 
response that is activated on a daily basis in normally dividing cells. Therefore, the function 
of DmATR presented in this thesis may be of high physiological relevance to maintaining 
genomic integrity during normal cellular processes. 
   
Two functions of DmATR 
 The work presented here stressed the importance of the checkpoint function of 
DmATR to respond to DSBs and endogenous damage. Reducing mitotic cyclins completely 
rescued three different phenotypes associated with mei-41 mutants: viability defects in the 
presence of transposase-induced DSBs, as well as both the rough-eye phenotype and the 
increase in P53-depenedent apoptosis that result when Polα levels are reduced. These 
results in themselves suggest that cell cycle regulation by DmATR is an important function in 
response to DNA damage. Moreover, we found that double mutants of downstream 
components of the checkpoint response, grp and lok, also had defects in viability, cell 
 81
survival, and development as well as defects in completing SDSA. This again demonstrates 
that wild-type checkpoints are required for these processes. However, despite the fact that 
grp lok double mutants are defective in the replication and G2-M checkpoints like mei-41 
mutants (Brodsky et al., 2004; de Vries et al., 2005; Jaklevic and Su, 2004; Masrouha et al., 
2003; Royou et al., 2005; Su et al., 1999; Yu et al., 2000), the phenotypes observed in the 
double mutants were not as severe as mei-41 mutants in any criteria examined.  This 
suggests that DmATR has a role in responding to damage that is independent of the 
GRP/LOK-mediated checkpoint. This interpretation is consistent with work in mammalian 
systems that suggest a dual-functionality of these kinases in response to DNA damage 
(Jeggo et al., 1998; Jeggo and Lobrich, 2006; Lobrich and Jeggo, 2005; O'Driscoll and 
Jeggo, 2006). However, we cannot completely disregard other possible interpretations of 
this data; these alternative interpretations and ways to separate the two functions of DmATR 
are presented below. 
 
Is there a “Chk3” transducer downstream of DmATR? 
 An alternative explanation of the intermediate phenotypes observed in grp lok 
mutants is that an unidentified transducer of the checkpoint response is responsible for 
some residual checkpoint function in these mutants.  Although the G2-M checkpoint defects 
in these mutants mimic those observed in mei-41 mutants, it is possible that the assay used 
to measure checkpoints is not sensitive enough to detect minute levels of the checkpoint 
response. While we favor the previous interpretation of our data, I have proposed a screen 
to look for a putative third transducer in the checkpoint response (called “Chk3” hereafter). A 
standard mutagenesis screen would involve mutagenizing grp lok double mutants and then 
screening non-lethal homozygous triple mutants for defects reported here (i.e. SDSA, SSA, 
or rough eyes in a polα/+ background). The assays used to look for defects in the DNA 
damage response are either very time-consuming (SDSA, SSA), or small differences in 
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severity are difficult to determine (rough-eye phenotype). For these reasons, it is not feasible 
to propose a standard mutagenesis screen.  
 An alternative screen to identify a potential “Chk3” is utilizing Drosophila S2 cells. 
Because these cells are sensitive to knock-down of gene expression using RNAi, they are a 
valuable system for depletion screens (Rogers et al., 2003). de Vries, et al. established a 
method of detecting a G2-M checkpoint in S2 cells and could readily knock down levels of 
MEI-41, GRP, and LOK, demonstrating these cells serve as a useful cellular model for 
checkpoint activity (2005). To measure defects in repair, a construct that expresses 
fluorescence, such as GFP+ as a read out of complete SDSA would be necessary. I have 
proposed such a construct, as described below (see “Detecting repair in larval tissue”). In 
short, a construct that only expresses GFP when a DSB has been repaired via SDSA will 
allow us to detect defects in SDSA after depletion by RNAi. For example, expression of the 
construct and transposase in S2 cells will cause DSBs that can be repaired in a variety of 
ways, one of which is SDSA. S2 cells can then be analyzed by automated high-throughput 
microscopy (G.C. Rogers and S. Rogers, personal communication) or FACS to determine 
the rate of cells that are repaired by SDSA (ie.GFP+ cells). Rates of SDSA after RNAi knock-
down will be compared to controls.  Based on SDSA repair after P{wa} excision, I would 
predict that S2 cells that are depleted of MEI-41 will have reduced rates of SDSA repair 
relative to wild-type. Additionally, depletion of GRP and LOK will have an intermediate 
defect in SDSA repair. 
 To screen for “Chk3”, a library of dsRNA will be used to deplete S2 cells that have 
already been depleted of GRP and LOK.  Expression of GFP+ will be analyzed for greater 
defects in SDSA repair relative to GRP LOK depletions alone. If there is a “Chk3” transducer 
that provides residual checkpoint function in grp lok double mutants, then defects in SDSA 
repair in the triple knock down will be similar to MEI-41 knock down. One potential problem 
with this screen is that RNAi knock down in itself may result in residual protein activity and I 
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may never completely eliminate the checkpoint response in these cells.  To circumvent this, 
all candidates that resulted in an increase in SDSA defects will be identified and classical 
Drosophila genetics will be implemented to make null mutants and then test triple mutants 
for either defects in SDSA using P{wa} or transposase-induced viability defects.  While this 
screen is high risk because of the potential problems stated above, it would help to clarify 
the possibility that the checkpoint that is eliminated in mei-41 mutants is not completely 
eliminated in grp lok double mutants. 
 
Separating the two functions of DmATR 
 All the investigations in this thesis characterized DmATR using a null allele of 
mei-41, called mei-4129D (Laurencon et al., 2003). It may be possible to separate the two 
functions (ie checkpoint response and checkpoint-independent response) using different 
mutations of mei-41 and varying levels of expression of DmATR. Laurencon, et al. 
characterized a series of alleles of mei-41 to establish a separation-of-function analysis of 
DmATR (2003).  One of these alleles, mei-41D5, changes a highly conserved proline to 
leucine in the kinase domain of DmATR. Their work showed that this allele was a 
hypomorph, in that these mutants displayed less severe phenotypes in all criteria examined 
compared to mei-41 nulls, including MMS sensitivity, fertility, and loss of the G2-M 
checkpoint after IR.  They interpret this result to meaning that that the kinase domain is 
important for all functions of MEI-41.  
 However, an alternative explanation is possible: perhaps the intermediate phenotype 
of the D5 allele is consistent with the idea that there is a second, checkpoint-independent 
function of DmATR. In other words, the D5 allele may be incapable of phosphorylating 
downstream transducers such as Chk1 and Chk2, resulting in the defects reported by 
Laurencon, et al. (2003). However, despite the inability to phosphorylate Chk1 and Chk2, 
the protein product of the D5 allele may still be able to function in the proposed alternative 
 84
role of DmATR; this would result in defects that are less severe than null mutants.  It would 
be interesting to test this allele for the defects presented in this paper, including SDSA and 
the developmental defects associated with reductions in Polα. In support of our hypothesis, I 
would predict that this allele will have intermediate phenotypes relative to mei-41 nulls, 
similar to what has been shown here in grp lok double mutants. 
 One could argue against this point, as it has been shown that null alleles of grp lok 
are completely defective in the G2-M checkpoint similar to mei-41 null alleles whereas the 
D5 allele has intermediate defects in the G2-M checkpoint.  Despite the fact that grp lok 
mutants lack the G2-M checkpoint they still have intermediate defects in responding to DNA 
damage. It may be that the D5 allele doesn’t separate the two functions of DmATR, but 
instead has residual wild-type kinase function explaining the intermediate phenotypes, 
including sensitivities to DNA damaging agents and defects in the G2-M checkpoint.  
 An alternative way to test the contribution of the kinase activity of DmATR is to 
express a kinase-dead allele in mei-41 null mutants.  Studies of ATR in mammalian systems 
have utilized a kinase-dead allele, mainly for experimental purposes, as null alleles of ATR 
in mammalian systems are lethal. In these assays, the kinase-dead allele is incapable of 
phosphorylating Chk1 and Chk2 and is therefore completely defective in the DNA damage 
checkpoint (reviewed in Sancar et al., 2004). Expression of a kinase-dead transgene in mei-
41 null mutants may result in intermediate defects in response to damage and therefore 
separate the functions of DmATR.  Unfortunately, this experiment is only informative if one 
major assumption is true: the kinase domain is only required for the Chk1/Chk2-dependent 
checkpoint.  For instance, if the checkpoint-independent function of DmATR involves 
phosphorylation of proteins directly involved in SDSA repair, then you would predict that a 
kinase-dead expression experiment would have defects similar to mei-41 null alleles. 
 
Are there additional functions of DmChk1/Chk2?  
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The interpretation of our results in Chapters III and IV assumes that the 
DmChk1/Chk2 function is completely downstream of DmATR.  Current literature does not 
suggest otherwise and has only demonstrated that ATR is epistatic to Chk1/Chk2; I 
therefore prefer our interpretation and conclusions suggested here. However, it is possible 
that there is an additional function for DmChk1/Chk2 that is independent of the DmATR 
response; loss of this other function causes the defects observed. To distinguish between 
these two hypotheses, analysis of mei-41 grp lok triple mutants is necessary. Based on our 
interpretation of the DmChk1/Chk2 data, I would predict that the triple mutant phenotypes 
would be similar to the mei-41 single mutant phenotypes.  
Current work on the triple mutant is extremely preliminary due to experimental 
limitations. For example, I attempted to see if the triple mutants had increased lethality due 
to P excision.  Because I have to use the third chromosome transposase source for 
experimental purposes, I had to construct a triple mutant that contained the snw and P{wa} P 
elements. The stock was sickly and I was never able to obtain enough flies for significant 
scoring. This had been noted in other mutant stocks with the snw allele and I was able to 
easily maintain a triple mutant stock that only had the P{wa} element, so I believe the health 
of the stock is due to the snw allele, and not due to the triple mutants.  
In a different triple mutant experiment, I repeatedly tested if the triple mutants had 
rough eyes when Polα is reduced.  Again, I would predict based on our interpretation, that 
the triple mutant would resemble mei-41 single mutants in the severity of rough eyes.  
Surprisingly, I was never able to obtain triple mutants that were also heterozygous for polα. 
While there were mei-41 polα/+, lok grp; polα/+, and mei-41; lok grp siblings at rates similar 
to Mendelian ratios, not once was the genotype of interest ever found (data not shown). This 
is surprising, as I would have expected rates of this genotype to be as high as the mei-41; 
lok grp class. If these mutants survive to larval stages, further analysis (such as increased 
apoptosis in imaginal discs or telomere fusions in larval neuroblasts) may suggest 
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explanations for the lethality of these triple mutants when Polα is reduced. This lethality 
would contradict our interpretations, and suggest that there is a function of DmChk1/Chk2 
independent of DmATR.    It would be of interest to test mei-41; grp double mutants and 
mei-41; lok double mutants for survival in a polα/+ heterozygous background.  Perhaps 
these mutants would survive and their phenotypes could then be examined.  Before I could 
definitively conclude that there is a function of DmChk1/Chk2 that is independent of 
DmATR, I would have to test the triple mutants in other assays presented here, including 
SDSA repair, SSA repair, and levels of apoptosis after reducing Polα. 
 
The Role of Drosophila ATM (DmATM) in Response to DNA damage 
 Because the primary checkpoint function in Drosophila resides in DmATR, this 
protein has been the general interest of the studies presented here. At high does of IR, 
mei-41 mutants and grp lok double mutants are completely defective in the G2-M 
checkpoint.  However, some studies show that loss of DmATM results in only transient 
defects in the checkpoint response, but cell cycle regulation is restored after some time 
(Song et al., 2004). This is in contrast to mammalian systems which demonstrate that ATM 
and ATR function redundantly in the checkpoint response to DNA damage and/or 
incomplete replication.  A more recent study showed that Drosophila atm mutants were 
defective in the G2-M checkpoint after low doses of IR (Bi et al., 2005a).  This evidence 
suggests that DmATR is the primary checkpoint kinase in Drosophila; however, DmATM 
may have a role in the checkpoint response that had not been previously reported. While 
extensive work has focused on the function of DmATM in telomere maintenance (Bi et al., 
2005b; Bi et al., 2004; Silva et al., 2004; Song et al., 2004), minimal work has demonstrated 
whether DmATM plays a significant role in the DNA damage response. For these reasons, 
studying the function of DmATM in response to DNA damage may provide novel insight to 
the cellular response to DNA damage in Drosophila.  One of the greatest limitations in using 
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atm mutants to study defects in DNA repair is that null mutants are pupal lethal.  I have 
proposed an assay below that will allow us to circumvent this limitation. 
 
Detecting repair in larval tissue  
The P{wa} assay developed in this lab was able for the first time to unambiguously 
detect individual SDSA events while simultaneously measuring repair through end joining. 
Despite the wealth of information this assay has provided towards understanding the 
components required for or involved in homologous recombination and end joining (Adams 
et al., 2003; LaRocque et al., 2007b; McVey et al., 2004a; McVey et al., 2004b; McVey et 
al., 2004c), the assay has limitations. First, it only measures repair in one tissue- the pre-
meiotic germline. Second, this assay requires survival of males to adulthood that have these 
events occurring in the germline in order to cross to tester females and analyze individual 
repair events.  
The first issue has been addressed by crudely measuring somatic tissue clones in 
the eyes of males whose germline is also repairing DSBs. These clonal patches are visible 
and can be measured by either size, or number of clones per eye (Oikemus et al., 2006; 
Supplemental Table 3.2).  While not as quantitative as measuring independent events in the 
germline, clonal analysis can at least give a crude indication of how DSBs are repaired in 
the somatic tissue of the adult eye.  The second issue has not been addressed at this point, 
and limits analysis to null mutants that are not homozygous lethal. It also precludes analysis 
of the subset of flies that are sensitive to killing from transposase-induced DSBs, such as 
mei-41 mutants and grp lok double mutants (See Figure 3.1). 
I have proposed two novel assays to measure DSB repair in asynchronously dividing 
tissues in Drosophila larvae- the imaginal discs. Using GFP fluorescence as a read-out for 
SDSA or SSA repair, this will provide novel information regarding DSB repair on two fronts: 
1) it measures repair in proliferating somatic cells, and 2) one can test mutants that survive 
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until pupal stages. One study has argued that end joining is the predominant repair pathway 
in somatic cells, using repair after P element excision in the Drosophila head as evidence 
(Gloor et al., 2000).  Our work has suggested that repair through HR is important as well, at 
least in some essential tissue (as evidence from viability defects in mei-41 mutants 
experiencing transposase-induced DSBs; Chapter III). However, use of this new assay can 
more directly test this hypothesis. These assays will also be useful for testing pupal-lethal 
mutants that are of interest to our lab because they are implicated to be involved in repair in 
other organisms, but have otherwise been unable to test in Drosophila due to their lethality.  
Of most interest to this work is analyzing repair of DSBs in atm mutants (see above). 
P{SDSA} assay: This assay, as illustrated in Figure 5.1A, includes three important 
components on a P element that can be transgenically inserted into the fly genome (called 
P{SDSA}).  These components include 3’ and 5’ fragments of the GFP gene which both 
contain 505 bp of complementary sequence (striped boxes), which renders the gene 
nonfunctional and will represent repair via SDSA; a white gene, which expresses red 
pigment in the adult eye- this will be used as a marker for flies carrying the P element; and a 
copy of the DsRed gene (Preston et al., 2006), which will express fluorescence in all cells 
that contain the P element and can also be visualized in the adult fly. This construct will be 
inserted into the genome of w- flies, and integration will be detected by expression of the w+ 
gene. At the cellular level, presence of the P element will be detected by DsRed expression. 
Once integrated, transposase will be genetically introduced in flies that carry this P element. 
At a certain rate, P transposase will recognize the P element ends and excise the entire P 
element, leaving a double-strand gap of approximately 10 Kb left behind (Figure 5.1B). This 
gap is slightly smaller than the gap produced from excision of P{wa} (14 Kb). 
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Repair of the double-strand gap can then occur through a variety of pathways, some 
of which will be unambiguously detected in this assay.  Repair can be completed through 
SDSA in which a homologous chromosome provides all the genetic information lost after P 
Figure 5.1. P{SDSA} excision creates double-strand breaks that are repaired to produce distinct 
classes of products that are detected in imaginal discs. (A) P{SDSA} is integrated into the 
genome. P element inverted repeats (black) flank the components of P{SDSA}. These include a 3’ 
and 5’ fragment of GFP (green) which both contain 505 bp of complementary sequence (green 
stripes); a copy of DsRed (light red); and a copy of the white gene (dark red). (B) Expression of 
transposase in flies carrying P{SDSA} causes excision, resulting in a 9.5 Kb double-strand gap 
with 17 nt non-complementary 3’ overhangs. The double-strand gap is then repaired through a 
variety of mechanisms. (C) Complete SDSA, resulting in restoration of P{SDSA}, which expresses 
DsRed at the cellular level. (D) Complete SDSA with annealing of the 505 bp of GFP, which will 
lose DsRed and gain expression of GFP. (E) Aberrant repair includes aborted SDSA (shown 
here), end joining of the inverted repeats without synthesis, and deletions into flanking sequence. 
These events result in a variety of phenotypes, which may or may not include loss of white or 
DsRed. 
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excision. This will result in complete restoration of the P element (Figure 5.1C). This repair 
product will be indistinguishable from cells that do not have P excision at all, and is therefore 
uninformative.  On the other hand, complete SDSA can also occur when repair synthesis 
continues across the 505 bp of complementary sequence followed by annealing of these 
newly synthesized complementary sequences. This will restore complete GFP expression, 
resulting in GFP+ clone (Figure 5.1D). In this assay, the only repair that will result in GFP+ 
clones is from complete SDSA.  However, as with the P{wa} assay, repair can also be 
carried out via incomplete SDSA followed by end joining, or non-SDSA repair with end 
joining (Figure 5.1E). While these repair products may or may not lose DsRed expression, 
depending on the amount of synthesis, they will always be GFP- and therefore easily 
distinguishable from the complete SDSA via GFP annealing products. 
Clonal analyses in fixed tissues will be of interest to estimate the relative repair by 
SDSA compared to non-SDSA repair. In addition, it is possible to use this construct to sort 
individual cells from imaginal tissue to obtain a specific rate of SDSA repair in all cells 
(Johnston and Sanders, 2003). Briefly, dissected imaginal discs are trypsinized to dissociate 
individual cells that are then sorted based on fluorescence. All GFP+ cells will be a product 
of complete SDSA repair. Additionally, GFP- cells can be further sorted based on DsRed 
fluorescence. DsRed+ cells will result from no excision at all, or repair synthesis through 
DsRed. These cells cannot be distinguished and will therefore be uninformative. In contrast, 
DsRed- cells will result from end-joining repair with no SDSA, or SDSA repair synthesis that 
does not restore the DsRed gene followed by end joining (incomplete SDSA).  These cells 
could potentially be used for molecular analysis to determine repair synthesis tract lengths, 
similar to the tract lengths that are determined in the P{wa} assay (Adams et al., 2003). 
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P{SSA} assay: The P{SDSA} construct is also designed to allow repair of a DSB via 
single-strand annealing (SSA). As illustrated in Figure 5.2A, the construct also contains an I-
SceI recognition site and two FRT sites flanking the DsRed and white genes. Expression of 
FLP recombinase will remove these two genes via recombination, leaving the nonfunctional 
GFP gene product and the I-SceI site (Figure 5.2B). Expression of I-SceI endonuclease will 
produce a DSB at this site (Figure 5.2C). The DSB can be repaired through SSA, utilizing 
the 505 bp repeats as a region of complementary sequences. Repair through SSA will 
Figure 5.2. I-SceI-induced DSBs of P{SSA} repaired by SSA can be detected in imaginal discs. 
(A) P{SDSA} is integrated into the genome (see Figure 5.1). This construct also contains two FRT 
sites and an I-SceI recognition site. (B) Expression of FLP recombinase in flies carrying P{SDSA} 
removes DsRed and white (called P{SSA}). (C) Expression of I-SceI will create a DSB between 
the two GFP fragments. This DSB can be repaired through SSA by annealing the 505 bp 
complementary sequence (D). This is detected by expression of GFP which is restored after SSA 
repair. Alternatively, the DSB can be repaired by end joining which may or may not result in loss of 
the I-SceI site (E).  
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restore GFP expression and can be visualized via fluorescence (Figure 5.2.D). Alternatively, 
the DSB can be repaired through an end joining mechanism. This may or may not result in 
loss of the I-SceI site, but will not restore GFP expression. Clones that did not repair through 
SSA therefore are GFP- (Figure 5.2E). Like the P{SDSA} assay, individual repair events in 
imaginal tissues can be sorted using FACS analysis (see above).  
This assay will provide additional information regarding HR repair because it 
bypasses the requirement for repair synthesis, which is required for repair via SDSA. This 
assay would distinguish between defects specifically in the repair synthesis steps. For 
example, decreases in SDSA may result in an inability to synthesiz across the gap; 
however, mutants defective in synthesis should maintain wild-type rates of SSA. The 
combination of these assays will provide novel information regarding repair of a single 
induced DSB in somatic tissues in all mutants of choice, particularly those that are pupal 
lethal, such as atm mutants. 
 
Conclusions 
This thesis has provided novel information regarding DNA damage response in 
Drosophila, both in mechanisms of HR repair as well as the functions of cell cycle 
checkpoints in response to damage. The highlights of this work are illustrated in Figure 5.3.  
In Chapter II, I further investigated the role of DmBlm in response to an induced DSB. While 
it has been shown previously that in the absence of DmBlm, repair of a DSB by SDSA is 
severely compromised and is associated with deletions that flank the DSB site (Adams et 
al., 2003; McVey et al., 2007).  However, we have provided evidence that the deletions are 
rather large, presumably due to the multiple rounds of strand invasion that occur during 
repair of a large double-strand gap.  Secondly, we demonstrated that these deletions occur 
after the DmRad51-mediated strand-invasion step of SDSA, demonstrating that DmBlm 
functions in the early steps of SDSA, but after strand invasion. 
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This work has also made contributions towards a novel understanding of how the 
DNA damage response orchestrates DNA repair and cell cycle regulation for accurate 
repair, proper development, cell survival and maintenance of the genome. Chapter III 
demonstrated a unique defect in HR repair of a single DSB in the absence of DmATR and 
suggested the importance of this checkpoint kinase for organismal survival in the presence 
of accumulating DSBs.  Chapter IV also focused on the role of DmATR in response to 
endogenous damage, and presented a novel interaction of DmATR and Polα, a polymerase 
required for replication. When Polα is reduced in the absence of DmATR, exquisite 
Figure 5.3. Orchestrating the DNA damage response. Different types of damage illicit DNA 
damage response mechanisms in Drosophila. In response to an induced DSB by P excision, 
repair through SDSA requires DmBLM in the early steps (specifically after strand invasion). Late 
steps of repair (annealing and ligation), are facilitated by DmATR in DmChk1/Chk2-mediated cell 
cycle regulation. We propose an additional function of DmATR that is independent of the 
GRP/LOK checkpoint response. The presence of DmATR in both of these pathways ensures 
complete repair through SDSA. Endogenous damage that results from reductions in Polα also 
elicits a DNA damage response that requires the function of DmATR.  Most of the response to this 
damage is due to the role of DmATR in the DmChk1/Chk2-mediated checkpoint. However, we 
also propose a role of DmATR that is independent of this checkpoint. DmATR is essential for 
complete repair of this damage to ensure cell survival, genome stability, and proper development. 
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phenotypes result from defects in development, cell survival and genome instability. Both 
studies demonstrated a strong requirement of the DmChk1/Chk2 checkpoint function in 
response to both a single DSB and endogenous replication damage while suggesting that a 
checkpoint-independent function exists in this bi-functional and complex kinase.  All 
together, this thesis has provided novel contributions to this continuously growing body of 
evidence to understand the players and mechanisms responsible for accurate and efficient 
response to DNA damage. 
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